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SECTION I 


INTRODDCTION 


Background and Oblectlvea 

The Food Refrl{:eratlon and Habitable Atmosphere Control System for Space 
Vehiclea, or "Project COOL" as It Is called throui^out this report, Is the result of a 
feasibility study, design, fabrication and test effort which originated as Project FROST, 
a program to develop an optimum method for the refrigeration of food aboard space 
vehicles. 

The FROST program has bem completed throng Its feasibility phase when the 
program objectives were extended to Include the development of a system which had both 
Food Refrigeration and Habitable Atmosphere Control capabilities (Project COOL). 

Project FROST, A Food Refoigeratlcm ^stem for ^lace Vehicles, engineering feasibility 
atu4y is Included as Appendix 1 in this repor t . 

The Project COOL phases of foe program have been pursued ak»g a course which 
results In the formulation of a fli^t optimised, integrated system for foe preservation of 
food aboard a manned space vehicle, as well as providing a controlled habitable environ¬ 
ment for foe crew of such a vehicle. The food preservation means which are presented 
utilizes the liquid transport-direct radiation to space concept as recommended and studied 
In foe Project FROST feasibility stucty (Appendix 1). 

The habitable nfoiosphere maintenance system also utilizes the liquid transport- 
direct radiation to space concept since It also must perform, as its basic fonctlon, foe 
removal of excess heat energy from foe Interior of a space vehicle; a job for vddcfo foe 
liquid transport-direct radiation concept Is optimum. 

Ultimately heat rejection from a space vdilcle must be accomplished purety by foe 
mechanism of radiant heat transfer (ezcludijig expendable refrigerants). '.Iherefore, all 
mefoods of heat transport from foe beat souroes within the vehicle must convey waste 
heat to an effective space radiator before it can be rejected to space. Primary objectives 
of this program, as presented here, were to establish by comparison studies of various 
heat transport systems, the heat transport means udiioh would most satisfactorily convey 
waste heat to foe radiator for rejection to qmce. R was required that foe space radiator 
be flight optimized by design study comparisons and trade-offs. 

Design Description 

The design of the Project COOL eqnlpanent using foe liquid transport-direct radiation 
to space concept results in a qystem uiiloh is operable under zero gravity oondittons and 
yet is optimum on foe basis of a volume, weight, and power requirement. Equipment has 
been designed to preserve foe dietary requirements and maintain an environment which 
Is wlfoln foe human comfort zone for a 3-man crew on a 14-day space mission. 

The food preservation and lubitable environment control (air oonditianer) aystems 
have be«i desiipwd as an integrated paduge whltdi is contained within a single modular 
envelope. The physical size and sluqw of foe module permits its Installation wlfoln foe 
existing frameworic of foe compact feeding console dboard foe AMRL 3-oiaa space cabin 
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Background and Obleotlves 

The Food Refrigeration and Hd>ltab]e Atmoaphere Control System for Space 
Vehicles, or "Project COOL” as It is called Qiroii^iout this report, is the result of a 
feasibility study, design, fabricatloo and test effort which originated as Project FROST, 
a program to develop an optimum method for tlie refrigeration of food aboard space 
vcdilclea. 

The FROST pregram has been completed throu|d> feasibility phase udisD the 
program objectives were extended to include die development of a syatem whldi had bodi 
Food RefrlgeratRm and Habitable Atmoqihere Control capabilides (Project COOL). 

Project FROST, A Foed Refrigeration System for Space Vehicles, engineering feasibility 
study Inolnded as Appendix 1 in ibis repor t . 

The Project COOL phases of die program have been pursued along a course which 
results in die formulation of a fli^t optimised. Integrated system for die preservation of 
food aboard a manned space vdiiole, as well as providing a controlled habitable en v iron- 
ment for die crew of such a vehicle. The food preservation means which are presented 
utlllsea the liquid transport-direct radiation to Mpace concept as recommended and studied 
in the Project FROST feasibility study (itypendix 1). 

The habitable atmospbere maintenance qystem also utllixes the liquid transport- 
direot radiation to space concept since it also must perform, as its basic ftmctlon, die 
removal of excess beat energy from the interior of a qiace vehicle; a job for whidi the 
liquid transport-direct radiation concept is optimum. 

Ultimately heat rejection from a space vehicle must be accompUahed purely by die 
me c h a ni s m of radiant beat transfer (exolndliig expendable refrigerants), \11iemfore, all 
methods of heat transport from die beat aouroes within the vehicle must oonvqy waste 
beat to an effsoMve space radiator before it can be rejected to space. Primary objectives 
of this program, as presented here, were to estabUab bF comparison studies of various 
beat tranqiort systems, the beat transport means which would moat satisfaotorlly oonvey 
waste beat to the radiator for rejection to space. B was required that the qiaoe radiator 
be fll|d>i qitlnilxed by design stu^ comparisons and trade-offs. 

Design Description 

The design of the Project COOL equtymsnt using die liquid transport-direct radiation 
to space concept resulta in a qrstem whhdi Is operdhle under sero gravity oondlticns and 
yet Is opttmiim cm die basis of a volnme, weiglit, and power requirement. Equipment has 
been desigiied to preserve the dietary requlremants and maintain an en v i r onment which 
is wltUn the human comfort sone for a 3-iiiaa crew on a 14-day space mission. 

The food p r es e rvation and habitable env i ro n ment control (air oondlticoer) systems 
have been designed as an integrated package whldi is contained within a single modular 
envalope. The piqrnloal slxe and ahape of the module permits its installation wlddn die 
aodstlng framework of the oonqwot foediiig oonsols aboard the AMRL 3-maa space odbln 
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SECTION n 


SYSTEM DESIGN 

1. Sy«tem Performance SpeciflcatioM - The following performance apecifications are 
compIV d from the ooBtract technical ejdilbit and the findings of Uiis project. 

1.1 Operating Requirements 

1.1.1 Food Preservatiop - Food qusntlties and oontainera as listed below are in 
accordance with the Exhibit and are sufficient to meet the requirements of a three>man 
crew for two weeks. 

1.1.1.1 Freeier Comnartment 

Food container type: Metallic 

Pood ccBtaiBer sise: a. maximum outside hel^ - 3.810" 

b. maximum outside diameter - 2.250" 

Food container sluqie: cylindrical 
Food ccntaiBer number: 0 containers (cans)/man 
Bread number: 63 bread Items/man 
Bread slxe: 3" x 3" x 3/4" 

1.1.1.2 Chill Compartments 

Food ccntsiner type: Same as for freexer 
Food container size: Same as for freezer 
Food container ahiqw: Same as for freezer 
Food container number; 6 containers (total) 

Bread number: 10 bread items (total) 

Bread size: Same as for freezer 

Tdbe type: Plastic 

Tdw size: 7 1/2" x 2 1/4" x 1 5/16" 

Tube shape: Semi-flat cylinder 
Tdbe number: 16 tube (total) 

1.1.1.3 Food Temperature 

Frozen food - Maintained at a temperature of O^F to 1 6 °F 
Chilled food - Maintained at a temperature of 32®F to 40<*F 

1.1.1.4 Food Arr« »yt™«"* 

Segreg a t i on - Food groiqw are separated and readity Identlflable in the cabinet. 

Proteotian against environment - The food is positively retained so that (tynamlo envlrcn- 
ments during lanndi- and powered fll^ will not damage the food, containers or food 
storage oonquotment. 

Ease of Removal > Containers are restrained wifiiin the oabinet and yet easily removed, 
one package or container at a time. 
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1.1.1 gBytro niiwrt C««t«ol 

UkX.'l Cabin Enrlr **”**** 


CabiB atDKMiiiMre tMnperatar* In to b* mnhitehwd hntoet aad TS^’f. 

Tile hninldlly ooBtrol dnvtcnn an oafMbla of maiwtoiwtm On Cabin BaUttn Hmnl d lt y 
betaraen 30% and 50%. TIm habitable enrtnmnaBt ooalrol i^ateai la eapabla of malatalnlin 
the temp e r a t u n andhuaidl^lavela arlflda tha toon Umita for mtoH oabln total pnaaore 
lenla between the extremea o( 7.35 pain and 14.7 pnta. 


ISOOOBnj/hr 
IMOBTDAor 
MOOBTD/hr 
OOOVTU/hr 
WBTP/hr 
18650 BTU/hr 


SSOBTD/hr 
180 BTD/hr 
600BTU/hr 

1.2 Lunch, landing and Flight Loada ■> (Eqatpanent la daaicaed to wHhatanri the following): 

Acceleration - 8 "O'* peak axial and 4.5 ”0** peak lateral for a total daratloa of tan mlnntoa. 
Deoeleratbm - 2 "Q" peak. 

Sbo<dt - 25 *'a>* axial and 10 "GT lateral. 

Vibration - 0 to 500 cna with inpcta up to 5 "G" at toe Maher freo n e nfi a a . Ferlodnof 
oonttnaoua vibration for a m ax imnin of 15 mtantea. 

1.3 Eq iitoment BpedflcatlOBa 

1.3.1 FoodStoraxe Compartment 

Inanlatlon - The tnaulatlai choice for toe o ompar t n ient la poljraretoane freondUled foam. 

The Food Storage CongMurtmot la dealgned to fit aa an Integral part of the cabin atr a c tu re, 
and enoloaea all compartmenta and oontrola for toe radiator and Interoonnectlng {dumbing. 

iww fUumiiY - A front opening door la naed wito oonaideration given to auto fnptora aa 
minlmiaing toe aiale clearance required for door awing, aaaarlng good acoeaatoililp and 
eaae of ofwning and cloning. 

1.3.2 Air Condltiooer 

The air conditioner heat exdianger ia a compact airborne oonfignration wtto ita wel^, 
aixe and air aide and fluid aide preaaure droj^ "traded ofF' to give an optimum daalgn 


1.1.2.2 Heat Sonrcea Ihtaxinwnn Valnaa) 
Stfifllbls LoAd 

eivweewaw 

Cabin Eq uipm e n t 
Clronlatti« Fan 

Wall Load (lOO^F enter wall temp^ 
liquid Tranaport Pnnp 

Total Senaible 

Ijatant Load 
3 men 

Ollier Sonrcea (oookliig, etc.) 

Total latent 
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within the apace available in ao far aai overall ayatem wei^t and power reqidrementa 
are concerned. 


1.3.3 Humidity Control 

Humidity control and water collection technlquea are auch that they will perform within the 
operating performance Umlta apeclfled In a aero "g" environment aa well aa in the ground 
teat facility. 

1.3.4 Space Radiator 
Design Conaiderationa 

Form - A fin type (two radlatim aurfacea) la utilleed, aimple in deaign and ccnatructioi^ and 
attached to the cabinet by meana of interconnecting piping only. 

Sink Avaii shi* - The food atorage contyartment radiator la deaigned for equivalent 
conditiona of an earth oitdting vehicle which ia aun oriented. Hie alnk uaed to aimnlate 
apace la an evacuated chamber with a hif^ abaorbeut aurface maintained at a temperature 
of-lOO^F (360^). The radiator la conqiatible with auch a teat chamber. The air oonditianer 
heat aink ia a commercial condenalng r^rigeration unit of aufflcient capacity to handle the 
maximum cabin heat load. 

1.3.5 Heat Tranaport Fluid Svatem 

Fluid - Selected on baala of heat tranaport propertlea, ability to remain liquid throng 
the operating; temperature range (including a factor of aafiety agalnat freeaing at low 
temperaturea), noncorroalve nature, and relative aafety (non-toxic nor readily inflammable). 

Subatitution of Radiator - The refrlgeratlMi tyatem ia deaigned auch that the radiator can 
be readily removed from the ayatem and almulatt{)l operation produced by the attachment of 
alternate piping from which the heat can be rem^ed by conventional means. 

1.3.6 Power - The power aource is dictated by minimum power, minimum weight, 
and minimum volume requirements. 

1.4 General Requirements - All components. 

Test - To be ground tested in a gravity field, however, convective beat transfer will be 
eliminated in the case of the radiator hjr operation in a vacuum. 

plight - All components are designed and selected on the basis of minimum 

wel^, volume and power required as well as the ability to withstand die en v i r o nm ent of 
space flight. That is to say that die pystem should represent one suitable for actual 
apace fli^ except where conflicts wltt the ground teatlng requirements take precedence, 
hi these oases, however, the deviations from fllf^ criteria are discussed and the 
modifications necessary to produce a fU^ capability are described. 
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S. PeacrtotloB cf Britain md Ccaeanto m Beltoted 

Tbe qratem oonoept dwtoe used tor mdntolnlng flwrmal cootrol wiUtln the vdilcle ie ttw 
liquid Treaeport oonoept whereby e euttable fluid le ueed as the meeae of ooaveylag the 
heat from Its souroe to the radiator where It la to he rejected lato space. A pump 
droulatea die fluid wtthla flie refrlferator or air oondltloaer and the fluid la directed 
throui^ conoeotliig titoes to the radiator or flte outer wall of the vehicle where heat la 
removed from It and radiated Into apace. JusUfloatloos for ttils c<mcept are presented 
In the Conoepts Comparison Section of tola report and ^nwadlx 1. 

Figures 1 and ^fUncOonal achematios of the aystem anoept for the water atorage clrouita, 
Illustrate the Integrated refrigeration - air oondltlonlng system. The system has two 
separated Uqnld transport circuits, a low temperature drouit and a hl^ temperature 
drcnlt, eadi of whldi will be dtaffliaaed aeparatehr. The low temperature site of the 
clrcdt handles toe food re fi ige r a t lmt beat load of 130 BTU/hr plus the ctoin air conditioning 
moisture removal heat load of 600 BTU/hr. The high temperature circuit absorbs tbe 
gross sensible air oondltloaing load of 18650 BTD/hr. 

Two aeparate liquid transport circuits are employed because by speclallxed design It Is 
possible to decrease the total space radiator heat rejection area requirement by nearly 
a factor of two. This area reduction results In a radiator wei^ saving of 171 lbs. The 
refrigerator requires a transport fluid temperature of -lOOp, but the heat load to bo 
rejected from this system Is small (1000 BTU/hr, wito a safety factor) and so requires 
only 29 square feet of radiating surface. (Reference Appendix 3). If this eame low 
temperature transport fluid system were used to convey the heat load of the air conditioner, 
(18600 BTU/hr) a total radiator surface of 570 ft^ would be required since radiator area 
Is director proportional to the amount of heat to be rejected (If all other factors are held 
constant). Tbe use of two separate radlstors, a 30 ft* low tenqwrature (-10*’F) radiator 
and a 265 ft^ Ugh temperature (*'4(K’F) radiator, resutts In a combined radiator aurface 
of 284 ft^ as opposed to toe 570 ft^ required tor a single low temperature radiator. TUs 
is due to the fact that radiant beat transfer bet w een toe radiator and space Is directly 
proportiooal to toe dUference between the absolute radiator temperature raised to toe fourth 
power and tbe absolute space sink temp, raised to toe fourto power. (Ref. Appendix 3). 
Hence, toe higher toe radiator temperature, the more heat it can reject per unit of area. 
Calculations Indloate tost a typical radiator will wel^ approodmatefy 0.62 Ibs/ft^ of area 
(Including fluid, titoe and flu), therefore the reduction of radiator area requirement (276 ft^) 
tesults In a 1711>. weight saving, and gives a radiator wel^ of 182 lb. 

Low Temperature Circuit Description 

The low temperature liquid transport drouit utilises a pump to convey the heat transport 
fluid throui^ tbe heat transfer shelves wltoin tbe box wtere the fluid absorbs heat from the 
co m p artm ent and Its contents. There are two parallel fluid flow paths within the box and 
each is Indepmidently controlled by means of a thermostatic device. The controllers 
maintain food tenqwratures wltoin the chill and freese compartments at 361 4°F and 0** 

15*^ respectively. Positive independent control of eub of the compartments of the 
refrigerator Is necessary in order to maintain food temperatures within the narrow limits 
specified. The diill circuit has sufficient beat removal capability to "pull-down" its 
entire food load from 75** F to 36° F over a period of 12 hours. Referring again to 
Figure 1, downstream of the freeaer cdls in tbe freezer flow circuit are the moisture 
freese-out cdls (zero-g water collector) of toe habitable environment control portion of 
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FIGURE I FUNCTIONAt SCHEMATIC 























the eyetem which InqxMe an additlcmal 600 BTU/hr beat load on die low tenqwrature aide of 
the ayatem. The low temperature fluid th«i paaaea through the puoqi adiich foroea it 
through the apaoe radiator where the beat energy gained from the refrigerator and moiature 
removal devicea ia rejected to apaoe (a apace heat aink aimulator in thia caae). The mily 
additional functional componenta required on the low tenqierature aide of the ayatem are 
the accumulatora which compenaate for fluid volume ohangea due to tenqterature variation. 

One accumulator ctmneotlon to both the low and high temperature aldea ia uaed v^oh 
resulta in a weight aavlng and reducea the oongileadty of the airatem. 

High Temperature Circuit 

Aa ahoarn by Figure 1 the high teoqierature circuit cootaina an electrically driven punqi 
to convey the heat tranaport fluid between the heat aonroe, in thia caae the air conditioner 
heat exchanger, and the apace heat aiidc. The apaoe heat alnfc aimulator for the hl^ 
temperature circuit for Project COOL la a oommeroial oonduming refrigerant unit of 
aufflclent capacity to handle tihe anticipated iwgtmnm aenalhle heat load of 18,660 
BTU/hr. The commercial oondenaing unit la aa ecwMwnlcal meana of effectively providing 
a high temperature circuit heat aink. It la uaed to eliminate the high coata involved in 
fabricating a apace type radiator and a high vacuum duunber with cryogenic walla aa a 
almulated apace heat aink of aufOcient aiae to handle die high tenqperatnre drcuit heat 
load. Theae coata were not warranted alnoe the direct radiation to apaoe liquid 
tranaport concept ia effectively proven by the low temperature circuit of iLe ayatem 
with Ita apace type radiator and cryogenic vacuum diamber. 

Thermal control of the high temperature aide of the circuit (i.e.^cabin dry bulb temperature) 
la accompliahed by a tranalatorlxed temperature controller whidi monitora cabin air 
temperature and operatea the liquid pump motor aa required to maintain cabin air 
tenqieratnre at the aet value. 

The high temperature circuit utillzea an electronic thermal controller which has the 
fine control aenaittvlty neceaaary to enable the air conditioner ooils to operate Just above 
the dew point tenqwrature of dm Incoming air mixture. The resulting tenoperature 
difference between the coils and the air mixture is the "»—<*""»■ (with a oorre^wnding 
maximum beat tranafer rate for a given also and oonfiguradon of heat exdiaager) dmt 
can be obtained without having moiature condenae on the ooils. Mofsture condensatloo 
on dm beat exdianger coils in this case is not deslnd>le since the qrstem is designed to 
control humidity and collect moisture from the cabin atmoqdiere by freexe-ont on the 
low tenqwrature moisture oolleotlon surface. Free s e oa t of naoistnre, rather than 
condensing, is a technique whidi can give postttve ooUecdon aaier bodi laboratory tests 
and aero-g fli^ oondtdons. Also inoluded in the Ug^tonperatore fluid trauqiort 
circuit are the liquid accumulators whidi as ment ioned previously are shared with tiw 
low>temperature drcuit and serve to compensate for dMrmal e»]^slons and oontraotico 
of die drottlating fluid. The liquid transport fluid, ethylene glyool, selected because it 
has good thermal properties, presents nr lire or explonlon hasard and is non-toxio. 

A ducting network and two parallel blowers, operadag oondnuouaty > ttoa tn g t n l ln d C6 dnlivuc 
cabin air to the dr oondidcnet oomplata the mdur fimctional parw roqdrod fur the 
habitable environment control dxdem. 

The recovered water storage portion of the aystem is oomprlsed of a 8 l/^;gdlon main 
storage reservoir, a 6/4pgaIlon chilled water re s e r vo i r and a S/4<gallon heated water 
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storage reservoir. TIm main water-storage reservoir receives water from various recovery 
sources Onimldlty control devlees, urine reclamation systems, etc.) sod then supplies llie 
chilled ami heated reservoirs ss well as the cabin temperature water outlet. It has provisions 
as described later for expelUng any air entrafiped within the water that la received from the 
water recovery syatema. 

The chilled water reservoir cooling coils are connected to the low temperature (0°F) 
liquid transport circuit. The flow of the coolant fluid throiq^ the coils la controlled by a 
thermostatically actuated solenoid valve which maintains the chilled reservoir water at a 
temperature of 40^F. 

Ihe heated water reservoir has its ccmtents maintained at 170°F by means of a 150.watt 
electrical cartridge heater which Is thermostatically controlled. By careful overall 
system Integration an actual spnce vehicle design oould make use of a high temperature 
heat source to siqiply ttie energy required to heat the water. 

3. System Packaging and totenratfam Phtlos «r***** 

3.1 Qeneral Dlscusalon 


The design for the COOL system has been pursued along a course which results in a 
system that is fU^ optimized to the extent allowed by the fact that it has been integrated 
with an already existing feeding console structure aboard the space cabin evaluator. 

Other factors such as cost limitation, development lead times, and the desirability to have 
the capability of varying internal environmental parameters also hamper the utmost fli^t 
optimization of this system. The purpose of diis section of the study is to explain and 
Justify the system packaging philosophies. 

3.2 Conflauratlon 

The volume available for the installation of the Project COOL equipment aboard the 
evaluator is that space which was formerly occupied by the frozen food storage compartment 
within the feeding console. The entire COOL qrstem has been fitted into this space 
(33.75" high X 27.5" wide x 15.25" deep) wlUi Qis exception of the blowers which are 
contained within the Inlet duct sectioo to the air oonditioner beat exchanger. Figure 3 
illustrates the overall syatem as packaged for Installatioo and indicates how it is fitted 
within foe existing feedliig console complex. 

The COOL module is mounted wifoln the existing console frame in the same manner as was 
used to mount the thermoelectric freeser. The air oondltlooer inlet duct system is 
mounted in the existing available spaoe bmeafo foe module. The air discharge duct 
which connects to the main overhead cmndltiooed air aupply trunk la routed through the 
space formerly cmcnipted by coe of foe overhead food storage bins of foe feeding console 
vdiich was in excess to foe recpilred fcxxl storage volume recpiirements. 

The ecpdpment module la designed as an integral self-siq)portlng structure which can be 
installed within foe feeding console structure with an absolute minimum of rework. It Is 
mounted to the console frame by means of a frame of aluminum angles on its outer aides, 
top and bottom which are Identical to those on foe freezer that it replaces. The only 
rework required on foe feeding console frame was foe removal of two cross braces, one 
above foe module and foe other below it, to allow clearance for connection of the air 
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FIGURE 3 OVERALL SYSTEM INSTALLATION 






condttloBer lalrt nd dlMharge ducts. Hie removal of these braces does net materlaUy 
affect the structural integrity of the console framework. 

The various siii^Btems within the module, Figure 4, are arranged so that the air conditioner 
heat exdiaager and water ooUeotor unit are on the left side and the food storage compart¬ 
ment la on the rl^. The liquid transport pumps, thermal control devices and accumulator 
are mounted above the refrigerator compartment. Aa can be seen In Figure 4, the qratem 
is broken down into sdbmodules which can be independently removed from the main 
equipment module. 

The ductwork installations did not require rework to the feeding console, other than the 
drilling of mounting holes or the installation of anchor nuts, to implement their installa¬ 
tion. Hie main overhead duct trunk runs the entire lengtii of the cabin and is designed so 
that branch outlets or discharge louvers may be fitted interchangeably at various locations 
along its length. Also, its connection to die discharge duct from the air conditioner 
plenum is designed so that their Junction can be made anywhere along the length of the 
overhead trunk. This ductworic configuration permits the feeding console to be placed 
at aiqr kxsatian along eidier wall of the cabin evaluator and also allows the varied 
arrangement of odier internal heat source equipment without the necessity of reworking the 
entire duct network each time the cidiln equipment is rearranged. Figure 5 illuatrates 
the detail design of the ductwork system. 

3.3 Pre-flight Operations and Food-Loading 

Operational Checkout 

The system has been designed so that pretest operational checkout procedures are 
minimized and simple to perform. The blower operational checkout will be merely to 
ascertain that electrical current draw and static pressure in the air conditioner plenum 
are within specified limits. Also required will be flow and pressure checks of the two 
liquid transport drculta to assure that both pumps are within operational limits. Thermal 
control devices are next to be checked for proper cut-in and cut-out temperatures, 
liquid transport fluid level within the system is checked and this completes the pre- 
fli^t operational checkout. 

Food Loading 

Figure 6 illustrates the food storage submodule installed within the equipment module. 

It has been designed so that this complete assembly can be removed from the COOL module 
as a unit, loaded with the mission food requirements and then merely "plugged-into" 
the main module once more. Food removal procedures are explained In detail within the 
Equipment Design section. 

Maintenance 


Hie system has a minimum number of functional components which increases reliability. 
Malntonance procedures required are, as a result, also minimized. Should a component 
failure occur during a test or "flight" it can be easily replaced by access through the 
front of the equipment module. Special tools for servicing and maintenance are not required. 
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3.4 System Weight and Power Ragulrements 

The Project CCK>L equipment has a total wel^t of 192 lbs. not including the food load 
and the weight of the external space radiators. 

The total combined radiator weight as required for the two liquid transport circuits is 
estimated to be 182 lbs. including the liquid transport fluid. This configuration would 
be one which has both sides of Its surface radiating to space and is the configuration that 
has been selected as the space radiator to be built for the low temperature circuit of the 
Project COOL system. 

The total power requirement for the COOL system is 775 watts as itemized in Table 1. 

4. Heat Kemoval Concepts Comparison 

A comparison of total system estimated weights for various heat removal concepts which 
might be used aboard a space vehicle has been compiled and is presented in Table 2. 

The system weight is defined as the sum of internal cabin equipment weight pliu external 
space radiating surface weight, ft does not Include the weight of the food to be stored. 

Also presented in the table are the power requirements for each of the concepts. From 
Table 2 it can be seen that the Liquid Transport concept is the optimum on a power nnd 
weight basis. A(^>endix 1 gives additional detailed comparisons of these concepts. 
Advantages and disadvantages of the different methods considered are discussed below. 

4.1 liquid Transport Concept 

Advantages 

a. Various components mi^ be located at different places within a vehicle without 
penalizing the efficiency of the system other than the additional weight of the interconnecting 
tubing between conqxments. By use of a single pump, it is possible to remove beat from 
several sources and convey it to a common vadiator for rejection to space. 

b. Since the liquid transfer fluid is not required to undergo any change of state, as is 
the case in a vapor compression cycle, it is not gravity dependent so far as its operation 
is concerned. With v^wr compression the main design problem in space, aside from 
the greater power required, would be separation of liquid and v^por phases. 

c. Also, the temperature levels of separate compartments (freeze and chill in the 
refrigerator), may be independently controlled at different levels within the same liquid 
transport system. This is accomplished with a minimum of compromise insofar as the 
operational efficiency of the system is concerned. 

Disadvantage 

The only disadvantage of the liquid transport system is that it can reject heat only when 
the external sink temperature is lower than the temperature of the cabin or refrigerator 
compartment temperature. A low temperature sink, however, is available in outer 
apace and by proper orientation of the radiator during a mission it is possible to take 
advantage of this low temperature sink. 
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4.2 Thermoelectric Cooling 


Advantagea 

a. Silent operation 

b. No motdng parta 

c. Unaffected by the abaence of gravity 

d. No refrigerant required 

e. Relatively ettiolent for smell cooling loada and c^>able of producing cooling effect 
over small area (good for spot cooling). 

Dlaadvantsgea 

a. Low coefficient of performance compared to other heat pumps for all cooling loada 
other than very small values (based on present state-of-the-art). 

b. Hi^ temperature differences between source and sink reduce efficiency further. 

c. Physical arrangement requires that heat sink be In close proximity to heat source 
otherwise and Intermediate transport medium is necessary. 

d. For large cooling loads, an extremely large volume of thermoelectric material is 
required resulting In large heat exchangers, large volumes, and sizable weights for the 
elements and heat exchangers alone. 

e. For space v^cle use, where electrical energy at the present time la a scarcity, the 
power required to operate such a pystem Is prohibitive, l^ere an inefficient heat transport 
means is used, the heat to be discarded increases greatly because the power used by the 
heat transport means and converted to beat Is added to the original cooling load. TUs 
resulta In an increaae In the exterior radiator required to ultimately reject the beat to 
space. Therefore^on a wel^t basis, the generating equipment required for the power, the 
actional radiator area necessary, and die weight of the elements themselves create an 
exorbitant weight penalty. (See Table 2) 

4.3 Vaoor Compression System 

Advantages and Disadvantages 

a. A system sized to handle the Project COOL beat load could be expected to have a COP* 
aomewtore In the vicinity of 2 idilob means that for the 18,000 BTU/hr air conditioner 

heat load which must be rejected, a beat equivalent for the compressor work of approximately 
9000 BTU/hr (2640 watts) must be supplied from vehicle power sources. 

For use^ a laboratory test bed application, if the only desired Intent is to provide a 
reliable proven method of heat rejection, thia vapor-compressions system would ^ipear 
to he very desirable. 

b. The weight of the two vapor-compression systems (refrigerator and air conditioner) 
required would be approximately 160 pounds not including radiator or ev^xvator weight, 
nils is essentially 160 pounds more weight than the liquid transport system solt is 
obvious that the two do not compete in respect to weight. It would not be advantageous 


*eoefficient of performanoe 
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to UM a aingle vapor oompreaalon ajratem for both air coodltlooor and rafrlgerator 
funotlona alnoe the low evaporator temperature required by the freeaer would then 
dictate the hardware ohoioe for Am entire qretem. Since a major portion of the cid>in 
load ia actually at die higher temperature of the air conditioner evaporator, the COP of 
a aingle ayatem baaed on Freeaer requirementa would be penaliaed. The oonaequenoe 
would be an Increaae In power oonaumption and hence, additional power aouroe and 
radiator aiae. 

c. Perhapa the decialve factor at thia time in dlaoarding a vqpor oonqireaBion ayatem for 
apace uae ia the fact diat no proven haidware dealgn configuration preMntJy exiata viilch 
could aeparate the two refrigerant phaaea (i.e. gaaeoua and liquid) under aero-g comUtiona. 
Without the development of practical teohnlquea or devlcea to acconqiliah a poaltlve 
aeparatlon of phaaea, it ia not poaaible to efficiently operate a two-phaae ayntem. 

d. The eventual development of a vapor compreaalon ayatem which will work In apace 
would permit Ita uae in appllcatitma where the orbit condlttona were auch that radiator 
orientation could not be controlled, or a miwimHin of area were available for radiator 
aurface. In dila caae the v^mr comimeanion ayatem, becauae of die higher temperaturea 
at which it rejecta heat, ini^ be advantageoua. 
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SECTION m 


EQUIPMENT DESIGN 

1. Equipment Module Shell Design 

The outer shell structure for the equipment module, which houses the majority of the 
system, is designed as a riveted assembly and utilizes a sandwich construction for its 
wall sections. The wall Is composed of Inner and outer aluminum skins which enclose 
one-half Inch thick polyurethane foam panels. The aluminum skins were bonded to the foam 
with an epoxy resin acbesive, each panel was cut to size and then the module shell formed by 
riveting the panels together In conjunction with an inner and outer comer framework of 
structural aluminum angle. The shell thus formed was mounted within the feeding console 
aboard the evaluator. The various subsystems were Installed within the shell from the front. 
The removable front panels of the module shell provide eaqr access to any cf the system 
components for servicing or replacement. 

The foam sandwich wall construction gives a li^twei^t structurally stiff wall which is 
also a good thermal and acoustic insulator. The therntal insulating properties are 
required to prevent "sweating" (the condensation of moisture from the cabin atmosphere) 
on the outer wall of the shell adjacent to the food storage compartment and to reduce 
leakage of heat in the refrigerated space. 

2. Refrigerator Sub-Module Design 

The sub-module was constructed of an inner aluminum shell which gives structural 
support to the food restraint mechanism and heat transfer shelves and forms the vapor 
barrier for the compartment. One-half inch of polyurethane foam was "foamed-in place" 
to the outside of the shell and contributes approximately 40% of the thermal insulation 
to the refrigerator. The remainder of thermal Insulation is provided by tii>e foam 
sandwich wall of the system equipment module. This conqposite wall results in a steacly 
state heat leak of approximately 80 BTU/hr (Appendix 2). Figure 7 is a section throu^ 
the wail of the equipment module with the refrigerator sub-module installed in place. 

Also shown Is the refrigerator door and door joint configuration. 

The selection of the insulation material wo predlcat. 1 by factors other than those dealing 
with design optlmlzati<m of weii^t and volume. The primary objective of this design stwly 
wo to finalize a configuration for a food preorvation tedmlque ndiich plqrslcaljy proves 
the feoibillty of a liquid Transport system rejecting beat by direct radiation to space. 
Therefore^ any design declsicms were heavily wei^ted In favor or proving this radlatlcm 
concept. 

"P-zero," the insulation which wo recommended in Appendix 1 wo not selected for 
this prototype because the time available for the fabrication wo not sufficient to obtain 
the raw material (specially oriented glos fibres), or develop die special tooling required 
to fabricate a box from "P-zero." 

In place of "P-zero," a polyurethane freon>filled foam wo selected o the insulation 
material, because it is available "off-the-dielf' and readily Innds itself to fabrication 
in model shop facilities. By referring to the FROST feasibility stu^y report (Appendix 1) 
it can be seen that thermal conductivities of freon blown polyurethane foams are die 
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second choice with respect to "P-zero" when compered <m the bssis of weight and 
volume. 

Refrigerato r rvvrw 

The door design conflgurstion also is depicted in Figure 7, a typical cross sectional 
view taken through the door joint. The door is hinged from the main equipment module 
rather than the refrigerator sub-module. This makes possible a longer heat conduction 
path around the perimeter of the door joint (resultiiig in less heat gain to the food compart¬ 
ment) and also lessens the weight of the refrigerator sub-module by some 6.SO lbs., 
making the module a more easily handled package for installaticm during food loading 
procedures. 

The door was designed and constructed similar to the box envelope wldi the exception 
that the insulation was foamed in place within the preformed door structure. This type 
of construction mskes possible die incorporation of a formed integral edge for the door. 

A swinging door was diosen over a sliding configuration to assure a good door seal 
joint, and also to minimise the complexity of the overall door design. Furthermore, 
sliding doors are more prone to "sticking" or jamming in timir guide rails due to the 
interference of foreign objects, distortion of tito rails or door warpage. 

A single door common to both the chill and treese compartments was determined to be 
the most efficient configuration, since it gives a minimum length of door gasket and 
reduces by half the number of door latches required. The only disadvantage of a single 
door is that contents of both compartments (chill and freeze) are exposed to the ambient 
atmosphere each time the door Is opened, with the resulting exchange of cold dense 
compartment air for that of the relatively warm room ambient air. During weightless 
conditiors of space flight, "air exchange" due to free cmivection will not occur, however, 
for laboratory test conditions tree convection does exist and its effects must be considered. 

Appendix 2 gives the calculations which were perforated to determine how much heat energy 
must be rejected by Uie qystem each time the box door is opened. The value of 9 BTU was 
determined by assuming that a complete air change within the box occurred each time the 
door was opnied, certainly a conservative assumption. If tills additional heat load were 
Inqiosed on the system as often as 3 'times an hour (three door openings per hour), it 
would not over-tax the capacity trf the radiator. 

Gasket and Joint Con tigiiy«Mfni 

ta the design of an ^lerture in a wall which acts as a thermal insulator in earth environments, 
the edge leakage is a ftmotlon of botii otmductive and convective heat transfer. Radiation 
galas or kMses, as tiie case may be, are minimized due to tim small cross sectional area 
of the gqi between waU and door. Additionally, refrigerator door joints must have 
Insulating properties which are adequate to give an outside (room side) surface temperature* 
which is higbdr than the dew point of the most humid atmospheric conditions to be 
encountered. U tiw door joint is not designed to satisfy the latter requirements, moisture 
conde n sation (sweating) will occur around its perimeter. 

The door sealing flange was made as wide as possible within tiie space available to give a 
maximum length to tiie cmihictive air patii betweoi the door and the seal surface of the 
box. This air qiaoe is tiie major thermal barrier to the transfer of heat in the door joint. 



A "dMd air" spaM la a good dtanaal Inanlator If firoo ooBveotton oan bo mJatmliad, and to 
aoooBq>U>Ii food praotloo In lha nMgorator Indoatry roqalraa that tho olaaranoa 
batpaon Oa door and tha aaalliig flanga of tha boa, vbaa tha door la aaonrad, nwat ba 
approidmataly ooa-(inartar of an Indu Tha gadsat aaal around flia parlaatar e( tha Joint 
afCwda a good v^Mir banlar and fbrlhar radnoaa oonvaotlTO haat tranafor. Pd^ralligrlana 
braakar atrlpa wara plaoad to mbiimlaa oondnothra boat tranafor along the adgaa of <ho 
door joint. K dia ■iiwwttnw Innar mad oolar boa walla wara dtarmalljr Unkad wlQi matalUc 
braakar atr^M, atudi aa alnmlmim, tta boat oondaotad ttrongh flio door Joint would ba 
algntfloantljr tnoraaaad. For aaanipiB, tho thormal oondnottrify of a hnntn u m la igip r oal m atoly 
1200 timoB that of polyatlqrlone. Hatar to Appendt a 1 for detailed oaln u l at faai a of haat laakaga 
dirou^ tho door Joint. 

Polyatlqrlaaa, a flMrmoplaatlc. waa aalaotad for the breaker atr^ia baoanaa of tta 
oonyiarathraljr loir thermal condnotlrity, good dtanonatonal atdilllty, and h^ Impact 
Btrei«th. aa wall aa the fact tttat It landa ttaalf well to haat forming at oonvarattrelf 
moderate tamparaturaa. Ho eontamlnatloo ahould be Imparted to the atmoaphere or food 
from dila material aa It la preaantJir wldabr aooaptad for uaa In die mantaobm of food 
oontalnara of all Qrpaa. 

Door Latch 

The latch utlllsad for die refrigerator door (Figure 8)waa aapaolally developed to give 
eaae of operation under tha welghtlaaa condItloBa of qiaca flight, b order to open the 
door the latch hand gr^ia are aqneeaed together between the thumb and flngera. The 
force balance within the hand la anch that die oompreaalve forcea applied by the flngera 
and thumb are equal and oppoalte and^tberefore^cancel each odier. The foroea within 
the huH Itaelf are therefore,in balance and no eatemal foroea mnat be applied to keep 
it in equilibrium, m other worda, under aero-g oo n d H lo n a it la poaalbla for tha crewman 
to unlatch the door and not pull Umaelf toward or away from die door aa ha would If a 
conventional puah or pull type latdi relaaae mediantam were utUlaed. 

Internal Conflauradon 

Becauae of weightleaa coodltlona enooimtered during apace fU^ita, die food atorage radu 
within the box were deaignad to individnally reatrain die food containera. Ibia haa been 
done ao that removal of a number of ocmtalnera doaa not permit die remainder to "float" 
around within the box. Even worae, when die door la opened, die entire mmtenta of the 
refrigerator could drift, or be eaaily diaplaced from the food compartment, into the 
cabin were they not reatrained. The food container reetralnt racka alao aerve the 
addidonal function of canylng die cooUng fluid dirough die refrigerator. Tbla enableB 
the pull down rate of the chill compartment (entire contenta from 70°F to SS^F in twelve 
houra) to be more eaaily acoompHahed becauae eadi container to be chilled haa a thermally 
optimum conductive path to the heat tranaport fluid. 

The choice of thla purely conductive heat tranafer path between the food and the liquid 
cooling coila waa made over a heat tranafor path which uaea an intermediate convective 
heat tranafer meana between the food and cooling coila located in the walla. Cold platea 
have aeveral advantagea in thia application. Firat, alnce die food containera muat be 
individually reatrained it la efflcimit to have theae reetralnt racka alao carry die beat 
tranafer fluid. Furthermore, aince aa previoualy atated free convection will not exiat in 
outer apace, it would be neceaaary to provide a meana of forced convection in eadi 
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FIGURE 8 

REFRIGERATOR DOOR LATCH 









compartment by use of a small blower which would consume some 8 to 15 watts of 
electrical power each, depending on the pressure level in the box. Thi additional 16 
to 30 watts of power would have to be supplied to the fan motors and then rejected as heat 
from die box to the radiator. This hi^ier heat load would result in an increase in radiator 
size, and furthermore, if the fluid coils were on the inside of the box walls, the 
tenqierature differential (AT) across die box wall would be greater. This greater A T 
would generate a greater rate of beat transfer scross the walls, imposing a larger heat 
load on the radiator and further increasing the surface area required to do the job. lii 
other words, die placement ot the cooling coils within the food support shelves permit 
the air space Insi^thebox and the food itself to act as additional thermal insulatior. 

The additianal inaulatioo decreases the overall coefficient of heat transmission between 
the cooling fluid and the cdain atmosphere which decreases the heat transferred to the 
fluid. From the above discussion It is concluded thst the exclusively conductive coaling 
means, which has been selected, is more efficient as regards power, weight, space and 
temperature gradients. 

Food Container Restraint 


Referring to Figure 9, it can be seen that two types of shelves (coolant transport shelves 
and restraint shelves) are altemsted in dieir arrangement within the box. This means 
that each and every container has one side in direct bearing with a cold fluid carrying 
shelf and its opposite side in contact with a spring loaded restraint shelf. The removal 
of food containers is accomplished by pulling out a "pallet" of food containers far ei ough 
to remove the number of containers desired. The pallet^ong with the remaining 
containers, is pushed back all the way into the box. The force required to extract or 
insert the pallets is on the order of 5 or 6 pounds. This arrangement has a minimum 
of mechanism and moving parts. For this reason, it should be the least affected by 
frost accumulations within the box. 

The contact with the fluid carrying shelf assures a good heat transfer path with resulting 
efficient "pull down" c^Mbillty in the chill compartment and an even temperature profile 
within the freeze compartment. The heat transfer psths are further optimized by the positive 
force of the spring loaded shelves which forces each container against the heat exchange 
surface with a pressure sufficient to maintain the AT between the container and shelf at 
leas than 1°F. 

8. Low Temperature Fluid Pumping Requirements 

The heat rejection capacity of the low temperature liquid transport circuit must be 
sufficient to convey the waste beat from the food storage compartment of approximately 
130 BTU/hr, plus the heat load of the moisture freeze-out coils which are designed to 
remove 600 BTU/hr. This gives a total calculated heat load of 730 BTU/hr. However, 
in order to have a reasonable margin of safety, the space radiator design was sized to 
give a beat rejection cqiability of 1000 BTU/to. The fluid pumping rate was determined 
ity defining the maximum allowable fluid temperature rise through the freezer coils as 
2**F and assuming thst 1000/730 (margin of safety) x 130 BTU/hr (total box heat load) = 

178 BTU/hr are to be required to give this temperature rise to the fluid. By solving 
the following equation for w, fluid mass flow, the pumping rate can be determined: 

Q = wC AT (1) 

P 
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FIGURE 9 

FOOD RESTRAINT MECHANISM 



where 


Cp = specific hea:^0.78 BTU/°R# for 60%-60% glycol water @ 0°P 
w == fluid mass flow, #Ar (unknown) 

Q ° heat load. 178 BTU/hr 
- temperature rise. 

Using 50%-50% g)ycol-water as the heat transfer fluid, a pumping rate of w = 178/. 78 = 

114 Ibs/hr or .214 gal/mln of gfycol-water is required. 

The pump selectedJ^aa the c^ablUty of delivering 0.6 gal/mln at a head of 30 ft. of 
fluid. It Is a centrlfdgal pump which la packaged aa an Integral pump-motor assembly, 
embodies aircraft type c<mstructlon and meets the environmental requirements of the system 
specifications. 

4. Accumulators 


As previously mentioned, the hydraulic circuit must be totally filled with fluid to prevent 
the pump from becoming alrbound which would interrupt the flow of liquid transport fluid. 
Since the specific volume of aiqr fluid varies with changes in temperature, an expansion 
chamber (accumulator) must be provided in the system to give the necessarv "variable 
volume," thus preventing excessive fluid pressure build-up and possible rupttire in 
some section of the circuit. As discussed previously, a single accumulator circuit 
common to both fluid circuits is used for the COOh system. 

The accumulator design configiu-atlon is comprised of a cylindrical vessel containing a 
spring loaded piston which has a roiling dlapbagm seal. The vented side of this piston 
is referenced to cabin pressure. The accumulator will have sufficient capacity to 
compensate for change in fluid volume which result from temperature variation between 
-50 *’f and + lOS^^F. Fluid pressure within the system as a result of piston spring force 
will vary between 1 and 3 pel above the pressure level on the vented (reference) side of 
the piston . 

The rolling diaphragm piston seal is a commercially available device which has maiqr 
advantages over other piston sealing configurations. The rolling action of this diaphragm 
can be visualized by r^errlng to Figure 10. As the diqihragm and piston are moved in 
an axial direction, due to an iqiplied pressure, the dlaptoagm rolls off the piston sidewall, 
and onto the cylinder sidewall, with a smooth and continuous motion. The diaphragm is 
approximately . 025 Inches thick and is made up of a fabric overli^ which is impregnated 
with an elastomeric sealant. The fabric-elastomer combination to be used will give 
satisfactory service over the entire operating temperature range of the system. The 
rolling diaphragm g^ves the following specific advantages for this iq^llcation. 

a. A positive static seal is provided by the membrane with no possibility of "blow-by" 
leakage past the piston. 

b. The long stroke capability makes possible the optimization of the bore to stroke ratio 
for the accumulator as regards its packaging in the system. 
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FIGURE 10 
ACCUMULATOR 





0 . The device providea an automatic de-icing actlcm due to Ita rolling action and thereby 
preventa a "freeaeiq>" on the vented aide of the platen. 

d. Cloae tolerancea are not required between cyllndera and walla to accomplldt the aeal 
and|dierefore)minor denta, acratdtea, or temperature varlatlona will not cauae binding 
or aeiaing. 

e. Fatigue life of the device haa exceeded 100 mllUon AiU atroke cyclea, In aome caaea, 
alnce die material la not atretched at any time throui^out ita atroke. 

By referring again to Figure 10, it can be aeen that the accumulator body io bonnet aeal 
la accompliahed by the retaining Up around the perimeter of the diaphragm, thua eUminating 
the need for a aeparate gaaket to aeal the Joint. The body uul Ixuinet are machined from 
6061-T6 aluminum alloy and protected with a chromic acid anodic coating. 

5. Habitable Atmoanhere Control Eouimnent 

5.1 Air Conditioner Heat Exchanger 

5.1.1 Dealan Criteria 

The heat exchanger configuration for the air conditioner la the optimum ao far aa the 
overall qratem weight, power aource wei|d>ta and volume available are concerned. The 
criteria for the eatabllahment of the configuration were: 

a. That the overaU exchanger aixe wae not to exceed the apace available within the 
allocated volume for the ayatem. 

b. Air aide and Uquid aide preeaure drope were to be minimised which correspondingly 
results in minimum pump and blower power requirements. 

c. The exchanger coil temperature was to be maintained at or above the highest dew 

point temperature to be encountered widiin the cabin. Maximum allowable cabin temperature 
and relative humidity are 75**F and 50%^apectively^ which result in a dew point temperature 
(the tenqwrature at which this vapor partial pressure is at the saturation point, 100% R. H.) 
of 55<*F. This preventa the condensation of moisture on the exchanger colls since, as 
discussed later, it is desirable to control humidity and collect moisture by freeze-out 
techniques. 

d. The heat exchanger as designed will remove a 18650 BTU/hr gross sensible heat 
load and maintain the cabin temperature at 750F. The cabin temperature may be set and 
maintained if desired at a temperature as low as eO^’F and 50% relative humidity. This is 
possible since die dew point tenqierature corresponding to the latter cabin air mixture 
oonditioas is approximatety 40<’F. The coil temperature under these ctmdltiona may be 
dropped considerably below the OS^F dew point tenqierature corresponding to a 75<*F 50% 
R.H. air mixture and still not result in moisture condensation on the colls. It is 
emphasized here that the humidity control and moisture removal from the cabin air 
stream are accomplished separately on the low temperature moisture freeze-out surface. 
This freeze-out element has sufficient capacity to maintain the v^ior partial pressure 
below 0.07 psla which is the partial pressure that results in a 30% Relative Humidity at 
BO^^F. Therefore, it is possRile with the proper manual control device settings to maintain 
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the cabin temperature at various settings between 60 *’f and 75°F and yet prevent 
condensation in the exchanger coils. 

5.1.2 Method of Determining Size Recniirements and Configuration 

The heat transfer capacity^Q^of a heat exchanger, may be expressed by the following 
relationships: 

Q = U A A t (2) 

IB 

where 

Q = heat transfer rate, BTU/hr 

U = overall coefficient of heat transmission, BTU/hr - ^F-Ft.^, which 
is the series sum of several thermal ccmductances 

A = area of heat transmitting surface 

t = log mean temperature difference 
in 

and 

*m= log^ AIa/Mb 

where ^tt^ and tj, are the temperature differences at inlet and outlet ends respectively. 

If the temperatures of the fluids entering and leaving are known, Atg, is determined 
from Eq. 3. This value of A t^^ and a suitable value of U make it possible to find the 
area A required to transmit Q BTU/hr. The determinatiim of a suitable value for U is 
usually a reiterative process since it is composed of the sum of the following thermal 
conductance coefficients in series: 

a. Cold Side surface film coefficient of conductance. 

b. A wall ccmductlon component. Very often the waU resistance value is negligible and 
mqr be omitted. 

c. Hot Side surface film coefficient of conductance including the temperature ineffectiveness 
on the extended area on this side (the air side in this case!. 

The above <^lined method of area requirement calculation is known as the log mean 
temperatime difference method and has been used extensively in the past. Recently, a 
second method, the "Heat Exchanger Effectiveness - N T U" method has become the 
recommended and accepted method for heat exchanger calculation. This method has 
been used to design the COOL air cimditloner heat exchanger. Reference 2 gives a 
detailed explanation of the method and its background. 
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Tbe effectlTCBeM - NTU nwtbod for 41w Blxlng of heat exchangers hae certain inherent 
adrantagea over the LllTD method: (Reference 2). 

a. The effectiveness la a thermodsmamlcally significant parameter (muofa like an efficiency 
factor). 

b. The ^fectivenese - NTU method elear)y abowa the qipUcation bodi tihe heat transfer 
rate equati<» and tbe energy balance prlndplea to heat exchanger design. 

c. This approach slngtlffies ttie calculations involved in predicting the performance of 
complex flow arrangements. 

5.1.3 Descrintlon of Conf tgnveH"** Selected 

The heat exchanger assembly is depicted in Figures 11 md 12 md the calculations to suigxnrt 
the design of the configaration are included in Appendix 4. The heat exchange surface 
selected la a spine finned tdm outer aurface with a tube inner surface wbidi is in the form 
of a set of helical lands and grooves. It is fabricated from aluminum and is presently 
used extensively as a hi^ performance evaporator surface in Oeneral Electric Portible 
Home Air Conditioners and it was appUed in tbe Discovered Life Cell Air Conditianer. 
Referoce 3 gives rellMile performance data for this surface and makes possible the 
accurate calculation of the surface area requirements. This combinatioo of accurately 
defined performance diaracteristics, phis a relatively hi^ overall U (overall coefficient 
of heat tranamittance) and its 14 ^-wei^ construction predicated the choice of this material 
for a heat exchange amrface. 

Referring once again to Figure 11 it can be seen that a total of 48 lengths of tube surface 
are arranged between tube sheets arlth ISO” return benda oonnectliig the liquid side pasaea. 
The entire assembly is fabricated to form a single Integral assembly which miqr be easily 
removed and replaced shank! it become necessary. Tbe Uquid flow configuratkm through 
the tubes is composed of twelve parallel paths of four passes eadi. The air side flow 
path is a modilled cross flow pattern over the tube surface. Figure 13, a side elevation 
cross sectional view of the heat exchanger plenum, illustrates tbe attitude of the beat 
exchanger with arrows to indicate tbe air flow paths. This arrangement reaults in a 
design which allows the ma ximum air side free flow area to be obtained within the volume 
available. A maximum free flow area results in minimum air stream velocities across 
the exdianger surface and|bence^minimiim air side friction losses. Friction losses for 
a llquid^to-liquid exchanger are small because of the comparatively low power requirements 
involved in pumping hl|^ density fluids. However, in the case of ^ COOL exchanger, a 
gas-to-llquld exchanger, the air side frictioa losses involved in moving the low density 
medtum assume importance equal to or greater than the heat transfer characteristics and 
must be investigated. 

The air side heat transfer ooefflcimit bg^, for diatomic gases and forced ciwvection across 
a tube surface mty be approxlniated as: 

1 ^ 

h^ - 0.24(D. pV)®'* X-^ (4) 

o 

where D » outside tube diameter 
o 
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SURFACE INSTALLED 
WITHIN MODULE 



FIGURE I2> HEAT EXCHANGER INSTALLATION 















FIGURE 13 

HEAT EXCHANGER 8 FREEZE OUT 
INSTALLATION ATTITUDES 
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Hm iiimiimitnooo of aheat axohaagor la laonaaod by ratalng ita overall coefOdent of 
heat traaaafilaalcB. U, wblob la afiaal to: 
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wIwB aad hf are air aida and liquid aide heat tranafer ooefficienta reapectlvefy. The 
fliermil realataaoe of die eadianger aurfaoe itaelf la n^lacted here. From the above 
equation It can be aeea that die air aide coefficient on^ partlalljr determinea the thermal 
tranamiaaibility of dm emdianger aDd|therefore|lhe tranamiaalbillty coefficient U ndll 
vary aa aome poarer laaa dian h^ to tte O.g power. The air preaaure dn^ acroaa the 
exdiaager aurfaoe for a given configuration varlea appradLmately aa the aquare of the 
velocity. Air hor a epower, or fan power oatput la determined from die product of air 
volume (CFlf) and preaaure riae. Therefore^lt can be atated that for a constant flow 
rate and apeolflc endhangar oonfignratlon, the air lioroepower required varlea directly 
aa the aonare of die face velocity. 

To aummarlae in a aingle atatement. It can be atated that if air velocity acroaa a given 
ezdianger configuratiao la Increaaed, the thermal tranamiaalbillty, U, will increaae 
directly aa O.d (at beat) and die air horaepower requirement toe a given maaa flow 
will increaae ap pr oKlm a te ty aa V^. Thereforefto flight optimise an exchanger the air 
aide aurfaoe face velocity mnat be minimised designing for die maximum free flow 
faoe area dial can be padcaged wldiin the volume allocated. 

Thia theoiy mty be validated by comparing an altemately slsed exchanger with the COOL 
design. As mentioned prevloasty, the COOL escdianger has a mtntmnm air aide heat 
transfer ooeffiolmit (maximum firee flow area) whlcdi results in an exchanger wei^t of 
twenty lia. the two blowers weigh 21 B>s. combined and consume a maximum of 350 
watts. Three hundred and fifty watts require 44 l>s. of power source (solar voltaic cells). 
This gives a total combined wel^ of 86 t>s. Now if the air aide tree flow area were 
halved the faoe velocity would be dotdiled. Thia increase in velocity would increase the 
air side heat transfer coefficient approximately 57% and the beat exchanger wel^ would 
be decreased to IS Iba. However, die air aide pressure drop would increase by a factor 
! of four. This means that the bknm power requirement would be quadrupled assuming that 
motor and form efficiencies remain constant. The total combined weight la now 13 lbs. 
(exbhanger) 30 ba. (blower) 176 lbs. of power source weight for a total of 219 lbs. It 
is evident that the minlmlsatioo of air aide friotton losses is a prime requisite in the design 
<A tpmeo odUn heat exohangera. 
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The four-pass liquid flow psth permits a close ap proximation to counter-flow performance 
(the most effective flow configuration, Reference 2)t without becoming encumbered by heater 
and ducting dlfflcultlea whldi accompany counterflow arrangements. The twelve parallel flow 
paths result In liquid punqdng velocities which give Reynolds numbers in the transltloii 
range between laminar and turbulent flow. If pump losses were to be lowered by decreasing 
fluid velocity (24 parallel flow paths for exaiiq>le) the overall coefficient of heat transmission, 
U, la decreased to a value whl^ requires a larger heat transfer area to handle the 18660 
BTU/hr load. The only method of increasing area wifliln the space available Is to place 
more tubes In seiiea across the air flow path of the air conditioner plenum. This would 
Increase the air side pressure drc^ and result In a fan power Increase that would greater 
overshadow the liquid pumping power savlngB. 

A very high area compactness ratio (heat transfer area per unit of volume) Is obtslnd>le 
by use of plate-fin extended surface configuraflons when bodi fluids are gases and an 
extended surface can be effectively utlllaed on both sides of fite exchanger. Various 
plate-fin configuraticma were Investigated and discarded because the COOL heat e xc ha n ger 
is a llquid-to-gas type of exduuiger which more efficiently utfliaes the finned tdbe surface. 
This type has an external surface (gas side) area maiqr times the internal (liquid side) 
surface area and Is desirable because gases characteristically tend to operate with lower 
surface conductances ttisn liquids and more area Is required in the gas side of fiie surface 
for a balanced design. 

The physical and operating dtaracteristlcs for the exchanger are summarised here as 
extracted from flie contents of Appendix 4. 

Est. Wt. —16* 

81se — 4" X 12" X 32" 

Air Side Pressure drop • 0.5" H 2 O 
liquid Side Pressure Drop > 6.0 ft. fluid 
Fluid Flow Rate - 6.0 QPM, 50%-60% glycol water 
Air Flow Rate - 800 STD. CFH 

5.2 Moisture Removal and Hnmldltv Control 

A totally closed environmental system such as the AMRL evaluator or a manned qmoe 
cabin must have some means of removing the moisture wfaldi aooumulates in vapor form 
within Am cabin atmosphere. Without such a moisture removal devloe flie cabin water 
vapor partial pressure would soon reach saturation wifli resulting moisture condensation 
on cabin surfaces and unc o m fo rtable living conditions. 

There are two main sources of moisture wifliln a closed system; 

a. Approximately two lbs. per man per day as eadialed vqwr and evqxnrated perspiration. 

b. Water vqnrised daring food preparatlMi. 

The project COOL qwolfloatlon states fliat cabin Relative Rumldfly Is to be maintained 
betareen SO and 50%. Numerous methods have been piroposed to perform fills control and 
removal function under aero-g oonditions of apace fU^. Table 3 presents a conde n sed 
oongdlation of several poeaible msttods. Major advantages and disadvantages of eadi 
approadi are also dted. 
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6.S.1 DtiCMilon M***ff*”** Out TactolcHie 


Hm molatim frMM-out has baas aslsetod for devak)|nneiit and latogratfon 

wtttfofosCOOLhildtAfosiivinmiaaBtooBttolagrifom. It is ttis only msOiod whkdi wlU 
permit the rsooraiy of (ha moistnra for ra-nse wlfhout eap andlm any alactrioal poarar 
other dun that raquhrad to pump foa Uqnld traBsport fluid flirough the oollaotor coils. 

A low t amp aratura /] !■»(<( abraa^ in flw rafrlgsrator liquid tranmiort circuit. The 
and —lafliU hoat load Inqinaiiit by the foeasa-^ devioa dees necassitata 
diat the low temperature radiator aorfaoa be iacreaaad by soma 18 square foat. This 

18 aquara feat of radiator raenita in a weight inoreasa of app r oa rini at e ly 14 ba. 
plus a heat tranqxirt fluid wai|^ of 8.6 be . The troase-oot device itself is aa ttm a t ad 
to weigh fiipT**?t*"***8tr 81)s. , bringing foatotal combined wel^it addi t ion tO'acconq;>lish 
this fUnetioQ of 


TABLES 

METHODS OF MOBmiRE REMOVAL FROM THE AIR OF AN 


ARTPTCML ENVIRONMENT 


Method 

Advantases 

Disadvantaaes 

1. Absorption of moisture by 
passing air hrough abed 
of lithium Chloride. 

CapM>le of abaoibing iq> to 
0.8 poimds of water per pound 
of dry UCl. 

Not recoverable and is lost, 
for future cemsumption. 

2. Absorption of molature by 
passing air throui^ a silica 
gel. 

Water la recoverable by 
thermal regeneratlan or 
slllcal gel is recoverable 
by vacnnxn regeneration. 

Absorbs only 15% of dry 
weight thermal regmeratlon 
requireei.062 KW per man. 
Vacuum regeneration all 
water ia lost to space. 

3. Absorption of molBture by 
passing air through a 
molecular sieve. 

Water is recoverable by 
themoal regeneration or the 
aieve la recoverable by 
vacuum regeneration. 

Absorbs only 10% of dry 
wel^ thermal regeneration 
requlreah 066 KW per man. 
Vacuum regeneratiem all 
water is lost to apace. 

4. Cendensatiou and Freeae- 
out of moisture on a cold 
surface. 

Water is recoverable and a 
low temperature fluid ia 
available to condense and 
freese foe moisture. 

A method of water collection 
must be developed. 


The nxdature treasa-outcoUeotlonaurfaoea are illustrated In the air condithmer plenum 
on the downstream side of the beat exchanger colla. The cold surface of the freeae-out 
plate is maintained at a temperature of approximately O^F and eadi baa approximately 
80 square inches of active ares. A fluid carrying coll is dip braxed to the back side of 
the freeae-out surface ia insulated with one inch of polyurethane foam to prevent 
froat cmlleotion on the "back" side. 
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The freeze-out surface la shrouded from the main air stream. An opening around 
the perimeter of the shroud permits the migration of vapor molecules to the cold 
surface. 

The lowering of the water vapor partial pressure in the area Immediately adjacent to 
the cold surface, by condensaticm and freeze-out, causes vapor molecules to flow to 
this area of lowered vapor pressure in an attempt to reach an equilibrium pressure. 
Thus^oontlnuous freeze-out snd ccmtrol is assured without the necessity of imposing a 
restriction on the entire conditioned air stream. This means that moisture can be 
removed even when there is no requirement for cabin cooling. 

5.2.2 Automatic Moisture Removal and Recovery Apparatus 

The tedinique which utilizes moisture freeze-out to maintain humidity control necessitates 
the use of some mesns that periodically and automatically defrost the freeze-out surfaces. 

If frost aocumulatians were not periodicalty removed from the freeze-out plate its 
efticleacy would be lowered and in time the frost accumulations would build up sufficientty 
to restrict the air flow paths surrounding it. Furthermore, an additional source of 
potable water is available here for recovery. The automatic moisture removal and 
recovery apparatus is comprised of two firmed plate surfaces (one active aitd the other 
defrosting) exposed to the condltltmed alrstream as it exhausts from the air condltioiier 
heat exchanger. The tenqrerature of each surface Is independently maintained within 
narrow limits at el^r of two temperature levels. The active ."freeze-out” plate is 
maintained at approximately 0°F by allowing fluid from the low temperature liquid 
transport circuit to flow thirou^ its tube paths. At the same time, the inactive (defrostiDg) 
plate has its tubes filled with fluid at approximately SO^F flowing ^m the high temperature 
liquid traiuqixnt circuit. Each plrie has sufficient area to efficiently freeze-out excess 
moisture from the cabin atmos]^ere and maintain humidity between 30 and 50% for a 
period of ^iproximately one hour. At foe end of one hour, foe "active" plate is switched 
to its defrost ifoase of the cycle and foe defrost plate assumes foe function of freezing 
out moisture. The switch is accomplished by means of an automaticalty timed valve 
which altemately reverses foe fluid flow paths of each of foe plates from low temperature 
to high tsBtyerature circuit or vice versa. As the frozen molstare on the defrosfing plate 
I is thawed. It flows as a thin film between foe accumulated frost layer and foe surface of foe 
plate. The flow directloo of foe liquid is determined by foe suction side of a small pump 
which is manifolded to foe surface of foe plate. The punq> suction is switched to foe 
T r*‘ *T ^**‘* collection surface by means of foe same timing devices which programs the 
lUqnid tranqiwrt fluid swltdiing vahre. A recovered water storage reservoir to receive 
the disdiaige from foe recovery pump coiiq>letes foe equipment necessary to provide a 
ifhlly antomstlc moisture removal and recovery subsystem. 

The automatic defrost technique outlined above Is accomplished with a minimum of 
additional power consumption since the hi^ temperature liquid transport circuit provides 
a sufficiently hi^ tenqMrature source of heat meigy to melt the frost accumulations without 
expending aiqr electrical power. The power to actuate the flew switching vahre, programmer 
and recovery pump totals some 16 watts. No additional liquid fluid pumping electrical 
power is necessary. 

The removal of excess moisture from foe atmosphere of a space vdilcle cabin by means 
of fresBS-out tedmlques will Amotion equally well under bofolsero g and Uboratory 
ground test conditions. The frosen nxdsture removed from foe atmosphere as a solid 
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poses none of tbe problems assoolsted with confinement of liquid mstter. However, 
sutomstlo collection snd recovery cf this moisture In the sbsence of grsvltatlonsl field 
requires the solutlan of several problems, flie solution of vdilch can mily be positively 
validated by aotttal\aero (tests. Ihe Inauotlon of air Into recovered water storage 
vessels during ooUeotlon Is undeslrri>le since It will result In only partial fillin g of 
drinking vessels and the feeding containers used for the reconstltuticm of dehydrated 
foods. Unfortunately, the major problem associated with liquid collection under aero g 
Is that at aeparatlng the liquid and gaseous phases of matter and the successful solution 
at this problem Is the key to obtaining an effiolent | sero g operable moisture collection 
qystem. Following Is a desciiptloo of an approadi which will provide the solutimi to 
these problems. As mentioned previously, the frost Iqrer accumulates <»i the ejqxmed side 
at a plate until the freeze-out efOdenoy of Hie plate is lowered. At this time, the defrost 
phase of the cycle is Initiated by swltddng the liquid transport fluid flow throu^ Hie plate 
from the low tenqierature to Hie temperature liquid transport circuit. MeUng 
of the frost Iqrer now begins mainly at Its Interface with the freeze-out plate because heat 
transfer coefficients on the air side of the firost layer will be considerably less Hian those 
at the freeze-out plate during defrost doe to molecular adieslon (surface tenslcn) forces 
between the liquid film, the plate aid frost layer. The moisture recovery pump draws from 
this liquid film formed between Hie frost layer and the freeze-out plate. 

During its induction stroke Hie recovery pump draws a mixture of the condensed moisture 
from the plate and cabin air as well. This Induced air must be separated from the 
recovered liquid. An effecHve means to separate the entrapped air has been Incorporated 
in the main water storage reservoir of Hie water suppbr system. 

The 2-1/2-gaJlon storage reservoir contains a spring loaded piston with a sliding diaphragm 
seal. Pressure is maintained within Hie reservoir at between 1 and 5 l^/in^ The 

low sliding friction forces and minimum hysteresis diaracterlstlcs of the diaphragm 
permit the piston to oonqiensate for changes in fluid storage volume without sticking even 
thou^ it la operating with such a low pressure differential across it. The nonwettable 
permeable barrier in the bead end of the reservoir acts as a "phase separator" which 
permits entrapped air which has bemi recovered along with the water from the moisture 
collector to escape from the reservoir. This barrier will not permit the passage of 
water if the pressure differential across it is kept below ap proximately 20 Ib/in^. 

Above this pressure differential, the barrier will become "wetted." That is to sqr, if 
the pressure forces across Hie barrier are greater than surface tensitm forces between 
molecules. Hie liquid phase will also flow throu^ the barrier. Thus, the use of the phase 
separating barrier permits a supply of water to the diapenser outlets which is essentially 
free of entrqiped air. 

The inlet fitting arrangement to the reservoir is such that the incoming air-water mixture 
is sprayed across the surface of the seml-permedile membrane at the end of the reservoir. 
This assures that the entrapped air is eiqxised directly to the membrane surface and 
thereby hastens Hie escape the entrapped air from the reservoir. The water discharge 
fitting is located so that water leaves tte reservoir at a point approximately 2" away 
from the membrane end of the reservoir. The anodized aluminum housing is immune to 
corrosion and will not contaminate the water supper. Spare inlet fittings are provided 
so that other water recovery sources can be fed into the storage reservoir with a minimum 
of rework. 
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5.2.3 Conditioned Air Circulation and Distribution 


Two blowers (Figure 14) Installed to give parallel flow delivery of the conditioned air 
are supplied within the system. The blowers give sufficient mass flow at cabin pressure 
levels between 0.5 and 1.0 atmosphere to convey the maximum anticipated cabin sensible 
heat load (18000 BTU/hr) from the cabin heat sources to the cabin heat exchanger colls. 

The blowers are of the vanaxial type which are packaged with a direct drive motor 
mounted within the fan shroud. These integral assemblies are of aircraft construction, 
fabricated mainly from aluminum and weig^ 10.5 lbs. each. Design characteristics 
when the motors are powered from a 28 VDC source are as follows: 

H.P. = 0.2 

Speed = 5000 RPlf 

Power Requirement •• 240 watts 

Design Point Operating Characteristic = 840 CFM delivered at a static 
pressure of 1.0" water gage. 

Originally, the blowers were sised so diat either of them was capable of delivering the 
required mass flow through the cabin air conditioner coils. The second blower was 
installed merely as a standby in case of failure of the first unit, or if under certain 
heat load - cabin pressure combinations, additional mass flow was required through 
the heat exchanger colls. 

However, during die performance of system check out tests it was determined that the 
noise level resulting from a signle bkwer operating at 28 VDC was hi^. As a result 
both blowers were oierglxed by wiring them in series across the 28 VDC supply. The 
air mass flow delivered by this parallel air flow delivery series electrical arrangement 
was adequate (approxlnistely 1000 cDn) and the noise level was lowered considerably. 

A longer motor brush and bearing life can be expected due to the lower rotational speed 
resulting from the 14 VDC potential across each of the motors. Also the total blower 
power consunqptlon under these conditions is 200 watts as opposed to a power drain of 
240 watts when one blower is operated at 28 VDC. 

6. Space Radiators and 

As mentlonsd previously the fabrication of the COOL ^stem as a padcage for integration 
aboard the AMRL Evaluator was laq>lemented to physically prove the fli^t suitability 
of the direct radiation to wpaee concept. The system equipment was delivered for installation 
as flighi functional hardware with the exception of the hig^ temperature circuit space 
radiator. 

6.1 Low Temperature Radiator Description 

The food storage compartment and Uie humidity control apparatus require an inlet fluid 
transport tentyeratuie of -10°F and a fluid pumping rate (rf<X2 gallons per minute as determined 
previously. The design heat rejection capability of this radiator is 1000 BTU/hr (a 
37% safety factor) vdiioh can be dissipated to a near earth orbit spatial heat sink of -lOO^’F 
by a radiator configuration with an area of 29 ft^. The effective space heat sink temperature 
was established as typical value for a near earth orbiting vehicle (Bee Appendix 1). The 
radiator surface (Flgms 16 and 16) is a 244noh diameter x 30dnch long hollow qylinder 


41 




42 


FIGURE l4«AiR CIRCULATING BLOWERS 
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of .020 Inch 6061-T6 aluminum, a oonflguratioo which readily lends Itself to Installation 
within a space heat sink simulator. The radiator tidbes are 3/8" OD xA 035" wall arranged 
In a serpentine pattern on the surface of the cylinder on 2Hhich centers. Approximately 
100 feet of tubing were required to fabricate the two parallel fluid pa&s with each path 
bonded to the outside of 180° segment of the cylinder. The two parallel flow paths are 
necessary to maintain laminar flow ocmdltlons within the tubes. 

The radiator was fabricated by roll forming Its fin surface from a single sheet and then 
bonding on the fluid carrying tid>es with an ainutiiiMm flUsd epoxy. The resulting structure 
was auinclently rugged to wlflmtand normal handling during use and yet have heat rejection 
characteristics which would be comparable to actual hardware as discussed later unter the 
radiator design o(mslderatlons section of dds report. Bs total weli^t Including heat transfer 
fluid la 12 lbs. 


6.1.1 Radiator Design Considerations 

The radiator configuration was estAllshed by ttte trade off of several criteria: (1) area 
and volume, (2) wei^t, (3) fabrication and (4) structure. Actually, these are not separate 
and distinct Items, but are closely Interwoven. The design limitations they require are 
disoussed briefly here. Formulas and calculations are shown In Appendix 3. hi some 
designs, space llmitatlona could dictate the maximum area, shape volume in which the 
radiator must fit. In this atuijy, no such limitations were made. B had been agreed, 
however, to have a tube fin construction with radiation from two surfaces. The total 
weight of the radiator la the sum of the weli^ts of fins, tubes and fluid. Since the radiator 
was designed for apace use, minimum wei|^ was a major criteria, hi the final selection 
of radiator size, however, minimum welghl was conqnromlsed to provide for handling 
qualities to give a suitable test configuration. 

Fabrication Methods Considered 


Several configurations were investigated as shown in Figure 17. Figure 17a shows tubes 
welded to fins at the Junction of tube and fin. For sheet thickness offt 020" or less, this 
technique would be extremely difficult If not Impossible. Figure 17b shows tubes snd 
fins extruded as one piece, then seam welded to each other at the fin which would probably 
permit much easier fabrication, but end connections of tid>es would be difficult. 

Figures 17 g and 17h show more seam welding techniques, hi the former, the tube pattern 
is essentially embossed with the top and bottom sheets welded or bonded together. Figures 
17c through 17f are designs which can be Joined together by epoi^ bonding (the method 
utilized for COOUor dip brazing. 

Radiator Material 


One of the criteria for a radiator material is its ratio of thermal conductivity to wei^t. 
The higher this ratio, the lighter the construction can be. Table 4 shows the ratio for 
several common materials. 
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TABLE 4 

RATIO OF THERMAL CONDUCTIVITY TO DENSITY OF SEVERAL METAIS 


Material 

Ccmductlvlty 
BTl/ 
hr. ».•« 

Density p 
Ib./ft® 

kZS- 

Aluminum 1100-0 

128. 

169 

0.758 

A1 Alloy 3003 H -4 

01.6 

171 

0.536 

A1 AUpy 2024 T -3 

70.0 

173 

0.405 

A1 Alloy 6061 T -6 

80.0 

169 

0.526 

Magnesium (pure) 

80.7 

110 

0.825 

M^ .4Upy AZ 31E 

3S.6 

110 

0.506 

Copper 

223. 

656 

0.401 

303 Stainless Steel 

9.4 

600 

0.019 


Another criterion U the ratio of modulus of elasticity E to density p. This ratio Indicates 
the resistance to penetration by meteoroids. The hlj^r the ratio the lighter the (fluid 
bearing) tubes. Several metals are compared in Table 5. 


TABLES 

RATIO OF MODULUS OF ELASTICITY TO DENSITY OF SEVERAL METALS 


Material 

Density p 

lh/ft3 

Mod. Of Elast. 

E lb/ln2 

E/P 

A1 AU«)y 6061 - T 6 

169 

10 X 10® 

5.91 X 10* 

Mg Alloy AZ 31B 

110 

6.5 X 10® 

5.90 X 10^ 

Copper 

556 

17 X 10® 

3.05 X 10^ 

303 Stainless 

500 

29 X 10® 

5.80 X 10* 

Beryllium 

115 

42.7 X 10® 

37.1 X 10* 


From Table 4 the lightest fin would be made from pure magnesium which baa the highest 
ratio. When alloys are considered, aluminum 3003 and 6061 are best. 

From Table S the lightest tubes would result if beryllium were used; however, beryllium 
is very difficult to fabricate, is poisonous and expensive. Aluminum and magnesium 
alloys follow beryllium and are about equal in E/p ratio with steel veiy close behind. 
Thus, theoretically, pure magnesium tubes and fins would be desired for the lightest 
radiator; however, pure magnesium is not readily workable. One of its alloys, such as 
AZ 31B could be used. But a radiator of magnesium alloy will be heavier than one of 
aluminum alloy. Since 6061 aluminum is workable and can be welded or brazed, it was 
selected as the radiator material. 

Radiator Finish 


In addition to requirements of stability, durability, and ease of application, the surface 
treatment must include the requirements of space use and emlssivity. The emissivlty of 
the radiator surface will greaUy affect the required area, as explained in Appendix 3. 

A satisfactory finish was easily obtained with a particular paint composed as follows: 

Pigment: Rutile (T^ O^) 45% by volume 
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Vehicle: Dow Coming 808 Silicone Resin 

Thldmees: 3 to 8 mile 

Thle coating applied to alutntnutn haa undergone limited thermal cycling from 200° *F tt 
-200°F without degradation of performance. 

Meteoroid Protection 

The subject of meteoroid protection la one of controversy’ because it is based on 
probablUty. The prediction of a meteoroid hitting a vulnerable aectlon of tfae radiator 
ia an extrapolation from meaaiured data of the frequency of meteoroids hitting the earth. 
The vulnerable portion of the radiator la the tubing, since a tube puncture would cause 
loss of heat transport fluid. A fin puncture would have negligible effect on tfae radiative 
capabilities. 

The depth of meteoroid puncture is a function of the meteoroid size and velocity, and 
the modulus of elasticity of tfae protective material. The large meterolds (mass of 
1X 10'*^ grams or more) occur so infrequently in space, that their probability of hitting 
a small area, such as a radiator tube^is negligible. Protection against the snudl tiigii- 
velocity particles can be moat simply provided by using a tube of sufficient wall thickness 
which can be determined from the following equation: 

d - 0.0436 [t^] 0.3 (6) 

where d = wall thickness of aluminum tube, inches 
Ay ° projected area of tube, ft^ 
r time of mission, years 

P « probability of return with no penetration of tube wall in time t , 
expressed as a decimal. 

The ccmstant 0.0436 takes into consideration the tube material, n umb er of meteoroids 
per square foot of Earth's surface, and the estimated mass of the meteoroid. There is 
doubt as to the accuracy of the number of meterolds and their specific gravity in space; 
however, EquaUco 6 will give conservative results. 

hi tfae feasibility study tor FROST (Appendix 1) a multi-walled radiator structure was 
discussed. In this ccostructioa, a protective wall is held at a short distance from the 
vulnerable area. The theory is that if a meteoroid hits and pierces the protective wall, 
the meteoroid will shatter. The resulting smaller particles would have less kinetic 
energy; thus, die tube wall would not have to be as thick as shown by Equation 6. 

By adding a second tube circuit, equally capable of handling the fluid and heat transfer. 
Increased reliability can be obtained. For example, if a single tube circuit is designed 
so that the probMiillty of puncture (1-P) is 0.05, Jie probability of puncture of two auch 
tube circuits ia die product (0.05) (0.05) • 0.0025 or 09.75% safe. Vulnerable area 
will dcxiile for taro circuits and call for an increase in d (and wel^t) of (2)^*^ or 1.23. 

But to ffo from (1-P) Otf. 05 to (1-P) of A 0025 for one tube circuit would increaae d by 
(1-P)f V^MIO) or 2.46 times. Thus, if very hi^ reliability ia dealred, it can be obtained 
with redundant circuits at lesa tiiie wel^t. Hie total wel^ may not be reduced, however, 
alnoe twice the fluid would be needed, and valves or controls would have to be added. 



For C(X)L, a redundant low temperature radiator circuit was not Included, Even if the 
radiator were to be used in space and punctured, the thermal mass of the food would 
enable a safe return of the astronauts. Also^the use of dehydrated foods will give a 
partial food supply. For a long mission, redundancy or repair ability would be desired. 

6.2 Low Temperature Heat Sink 

The dissipation of the low temperature system heat load from the radiator to a simulated 
space heat sink is desirable in order to prove the validity of the design concepts and 
configuration. In order to simulate a spatial environment, two characteristics are 
required from the heat transfer point of view. 

-2 

a. A low pressure of 10 mm Hg will eliminate the conduction and free convection to 
the heat sink wall of the simulator. 

b. A heat sink temperature of -lOO'^F, simulation of a 200-600 mile earth orbit can be 
obtained economically by a method using the sublimation of dry ice in a methyl alcohol 
solution which surrounds the walls of the space heat sink simulator. 

Because of the size of the radiator and the high vacuum environment that must enclose the 
radiator, a cylindrical chamber was designed to withstand the atmospheric pressure 
load. The chamber (Flgurea 18 and 19) is built up of a series of concentric annular 
cylindrical volumes. The inner cylinder is filled with a dry ice and methyl alcohol 
solution. The middle chamber volume contains the radiator, whose pressure is reduced 
to 10~^ mm Hg for test purposes. The outer annular volume is designed to contain a 
volume of dry Ice and methyl alcohol solution that is equal to the volume within the inner 
volume. 

Dry ice sublimes at -109°F. This temperature is maintained as long as some- dry ice 
remains as a solid within the solution. Sublimation rates as expected should not require 
addition of dry ice to the chamber more often than once a day. 

6.3 High Temperature Radiator 

As mentioned before, a high temperature radiator is not to be iq>plled as part of the 
COOL hardware; however, the design of a typical radiator configuration is presented 
here. 

The AMRL evaluator dimensions are 8 ft. outside diameter by 20 ft. long. If the radiator 
were so constructed that the fin of the radiator and the outer skin of the cabin were the 
same, the maximum available surface for radiator is 503 square feet. For the Liquid 
Transport System, the required radiator area is 294 square feet total (the low temperature 
system requires 29 square feet and the high temperature system requires 265 square feet) 
which is 58.5% of the available 503 square feet if the radiator were made an Integral part 
of the vehicle's skin as in Figure 20. 

Figure 21, a schematic layout, shows three radiator sections in parallel. This would 
reduce the radiator vulnerability. For example, if one section were hit by meteoroids, 
valves would close, sealing off the section. The remaining units would continue to 
operate at a higher load per section until the break could be repaired or the mission 
completed. Varying the number of sections would vary the complexity of the system. 
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POLYURETHANE FOAM INSULATION - 6 INCHES THICK OVER ENTIRE SIMULATOR. 
OUTER ALUMINUM CONTAINER FOR METHYL ALCOHOL AND DRY ICE GIVING A SINK 
TEMPERATURE OF BELOW -100°F. 
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VACUUM T'/ACUATED CHAMBER TO 10 >W ffi}. 

RADIATOR SEE FIGURE. 

INNER ALUMINUM CONTAINER FOR METHYL ALCOHOL AND DRY ICE. 





lit 


FIGURE »• HEAT SINK INSTALLATION 













FIGURE 20 HIGH TEMPERATURE RADIATOR CONFIGURATIONS 
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Figure 21. Schematic of Radiator Sections 
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so tbat a trade-off of safety versus complexity would be required to satisfy particular 
imsbion requirements. Also only about one half the radiator surface area can be used to 
dissipate (he heat load to a spatial heat sink; the other half would be facing the sun and 
would require the shut-off valves to separate this area from the remainder of the system. 
An alternate system would be the use of a thermal shield mounted between the sun and 
the radiator which would shadow the radiator area and also give the main vehicle protection 
from meteoroids. 

Specific calculations to determine a radiator size adequate to handle the 18,650 BTU/hr 
gross high temperature load at temperature levels and fluid flow rates which are compatible 
with those required by the heat exchanger are given in Appendix 5. 

6.4 Method Used to Simulate the Space Radiator and Its Heat Sink 

The evsqx>rator used to duplicate the high temperature system space radiator is of the 
dry expansion tube-and-shell type with the liquid transport medium circulated through 
the tubes Inside the shell. The refrigerant in the shell absorbs heat from the medium. 

The tube area, inside the evaporator, required for this system is 45.5 ft^ and is contained 
in a shell 6 inches in diameter and 100 inches long (Appendix 6). The commercial 
hermetic condensing unit used to duplicate the space heat sink has a nominal 35,000 
BTUAr capacity with a 40^F evaporator suction temperature. A thermostatic expansion 
valve is used to control evaqwrator temperature. The compressor drive motor Is rated 
at three horsepower and operates on 220 VAC single phase power. Figure 22 shows the 
condensing unit and ev«qx>rator as it was set up for laboratory evaluation tests. 


54 












SECTION IV 

EVALUATK)N TEST PROGRAM 


Following the completion of the program hardware fabrication phase the equipment under¬ 
went performance evaluation tests prior to its being Installed in the AMRL space cabin 
evaluator at Dayton. All evaluation tests were run under static load conditions only, 
since operational check out testing under cfynamlc loading conditions at the shock, vibration 
and acceleration levels specified In the system performance specification would have 
required a test program of considerable expense due to the size and complexity of the 
COOL equipment. These expenditures were not considered to be warranted because the 
system is a prototype and It will never be subjected to fll^t loading conditions. 

1. Test Objectives 

The primary overall abjective of the program was to prove the feasibilify of the liquid 
transport-direct radiation to space concept as a workable means for conveying the waste 
heat from Inside a space vehicle and rejecting it to space. Specifically the test objectives 
were: 

a. Habitable Atmosphere Control - To ascertain the ability of the equipment to handle 
the heat load of the AMRL Evaluator and its capabilities regarding the effective control 
of relative humidity within specified limits. 

b. Food Refrigeration - To ascertain that the freeze and chill food storage compartments 
are able to maintain food at O^’F t S'^F and 32° to 40°F respectively. Also, to 
determine the "pull-down" c^ability of the chill compartment. 

2. Summary of Initial Check Out Test Results 

The check out tests were performed in the laboratory with the entire tystem housed 
within a mock-up supporting btructure so that all the various components were located 
in proper relation to one another <Figure 23). Several runs were made on succeeding 
days in order to establish the stabilization times for Qie various subsystems, their 
maximum heat removal capabilities and operational stabilities. 

2.1 Food Refriaeratlon System 

Pull down tests were run to determine the times required to reach specified food storage 
temperatures. Tests were made both with and without food stored in the box. Temperature 
differences between the food and cooling shelves were detemolned as well as thermal 
gradients throu^out each of the compartments. Test results included herein in tabular 
and grityhlral form show that both compartments are capable of maintaining food temperatures 
within specified limits and thnt the chill compartment has adequate heat removal capacity 
to meet the "pull-down" requirements. No sweating on my of the box exterior surfaces 
occurred during the tests under ambient conditi<ms of 80°F and 50% R.H. Frost 
Accumulations within the compartment did not hamper the removal of food items but a 
continuous 14*day test is necessary to determine if long term effects of frost build-up 
will impair the functioning of food removal mechanisms. 
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FIGURE 23‘ SYSTEM TEST SET-UP 










Tabulation of Food Refrigeration Test Resulta 


a. Fraeaer Compartnaent 

Stabilized Shelf Temp: -2 *’f to -•■S*’f 
F ood Temp: None 

Pull Down Time: Approximately 2 hours 

b. Chiu Compartment 

Shelf Temp: +36°Fto+38°F 

Food Temp: None (Compartment Air Temp, '•-32^F to -•-38°F) 

PuU Down Time: Ai^roxlmately 30 minutes 

c. Low Temperature Heat Transport Circuit Power Consumption 

Low Temperature Circulating Pump - 90 watts, 115-VAC, single phase, 60 ops., 
pump operated approximately 80% of the time. 

d. Thermal Control Equipment 

Temperature ControUer - 10 watts, 115-VAC, single phase, 60 ops, continuous. 

e. Chiu Compartment Solenoid 

10 watts, 28-VDC, 60% of the time. 

Notes ; Refrigerant circulating pump operated approximately 80% of the time. Entire 
low temperature heat load was Imposed on radiator (e.g., humidity control apparatus, 
chlUed water reservoir and food storage compartment). Tests were conducted under 
SO^F and 50% R.H. ambient conditions. 

2,2 Habitable Atmosphere Control System 

The habitable atmosphere control test results indicate that the system has more than 
adequate heat removal cq>abiUties. All components performed as anticipated. Hieir 
performance is indicated in the summarized tabulation below. No quantative results 
were obtained on the moisture freeze-out q>paratus (humidity control) during these 
tests. Quantitative tests wiU be performed subsequent to Installation within the test 
cabin evaluator. Fost-lnstaUation tests to be performed at Dayton will give more 
significant results because operation within a closed system environment will enable 
the humidity control device to function independent of the open laboratory environment 
which surrounded the system during check-put tests. 

Tabulation of Habitable Atmosphere Control Results 

a. Maximum Heat Removal Capacity Data 

Laboratory Ambient Temp. - 74°F 

Conditioned Air Flow Delivery Rate - 940 cfm @1.0 ATM & 72°F 
Maximum Cooling Effect - 26,400 BTU/hr 
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Heat Exchanger Liquid Side Temp Rise - 8°F 
Heat Exchanger Air Side Temp. Drop - 260F 
Heat Transfer Fluid Pumping Rate -8.0 gpm @ 40°F fluid temp. 

Conditioned Air Discharge Temp. - 48^F 

Remarics : hi order to obtain these maximum cooling effect results, the heat exchanger 
coil temperature was allowed to stabilize at its lowest attainable extreme. Air circulating 
blowers were connected electrically in series across the 28 VDC power source and 
Installed to give parallel air flow delivery. 

b. High Temperature Circuit Power Consumption 

High Temp. Liquid Circulating Pump - 440 watts, 115 VAC, single phase 60 cps, 
continuous during maximum load conditions only. 

Air Circulating Blowers - 200 watts, 28 VDC, continuous 

Temperature Controller - 10 watts. 115 VAC, single phase 60 cps, continuous. 

2.3 Water System 

Various performance tests were conducted on the water recovery and storage systems to 
evaluate their effectiveness, establldi capacities and determine leak resistance. 

Following are the tabulated teat results; 

a. Moisture Recovery Pump 

Delivery Rate - 0.015 galloa/stroke, progranuned to function at a rate of twelve 
evenfy spaced delivery strokes per hour. 

Function - Satisfactory. No measurable leakage, check valve functioned satisfactorily. 

b. Water Storaate Reservoirs 

Main Storage Reservoir 

Capacity - 2.5 gal. 

Leakage - None measurable 

Working Pressure - 0 to 5 psig (maintained by a variable spring force acting iqx» pl8t<» 
within reservoir) 

Pressure Check - checked at 15 pslg, semi-permeable membrane did not allow passage 
of water. No other measurable leakage. 

Relief Valve - opened at 8 pslg, fUlty re-seated at 4.5 pslg. 

Chilled Water Reservoir 


C^Mclty - 0.374 gallon 
Leakage - None measurable 

Working Pressure - 0 to 6 pslg, maintained at same pressure as main reservoir. 

Water Temperature - Average 42°F, maintained by ^ermostatlcally ccmtrolled solenoid 
valve which meters low temperature liquid transport fluid through colls on outer wall of 
reservoir. 

Power Requirements -.10 watts, 28 VDC for solenoid. FuU time operation will siqiply a 
maximum of 48 oz. of chilled water per hour. 

av 



Heated Water Storage Reservoir 

C^MUiity -A 375 gallcma 
Leakage - None meaaurable 
Water Temperature - 168°F 
Workiiig Pressure - 0 to 5 psig 

Power Requirements - 15(Hiiratt cartridge heater. Duration of operating cycling 
depends <m use frequency. Heater has capability of providing 48 oz. of water per 

hour. 
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SECTION V 


CONCLUSIONS 

1.0 All tile pbaaee of tfaie program as reported herein have piqrslcally proven the objectives 
set forth at the Inception of the program and the following conclusions are derived as a result 
of this effort; 

1.1 All subsystems functioned as intended and their performance was within the specification 
limits. 

1.2 The habitable atmosphere control subsystem gives a suitable means for accomplishing 
thermal control within the confines of a space vehicle. The water recovered from the 
humidity control devices is aooeptidble as a potable water source. 

1. a The refrigerator subsystem satisfactorily preserves the refrigerated food re<)uire- 
ments of a three-man crew for a 14-day mission. 

1.4 The recovered water ator^te system will adequately supply the chilled and heated 
water requirements for a three-man crew. 

2.0 The following ooncluslmis can be drawn as the result of acceptance tests which were 
performed with the entire system installed within the AMRL Evaluator at Dqrton. 

2.1 The habitable atmosphere control system has sufficient heat removal capacity to 
maintain a comfortable environment wlthba the evaluator. Water recovery firom the 
humidity control devices can be aocompliahed. 

2.2 The refrigeration sth-system functioned satisfactorily as installed within the 
evaluator. However, tiie physical details of tiie plumbing connections that were routed 
between the external radiator-beat sink and the equipntent Inside the evaluator were such 
that the resulting additional heat load Imposed ^ these connections was sufficient to 
prevent the freeaer from pulllag down belcw 20”F. 

The heat sink was located approximately thirty feet from tiie evaluator. These long 
lines plus penetration fittings throat the evaluator wall which give appreciable conductive 
heat transfer from the wall to the cooling fluid resulted in higher ttian anticipated external 
heat loads (line losses). The radiator-heat sink did not have sufficient capacity to remove 
this additional heat. 

However, the direct radiation to space concept has been adequately proven by tiie 
avhluftlon tests et GE, Philadelphia ahere line losses were within tin limits that were 
used in sixlng tiie radiator. 
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APPENDIX I 

FOOD REFRIGERATION F(» SPACE VEHICLES FEASIBILITY STUDY 

SECTION 1 

INTRODUCTION 


Background 

Man in space will, of course, require food as he does here on earth. Initial flints 
of approximately several days will require nothing more substantial than solid food bars 
and water or perhaps a mixture of the two. For extended fli|^t periods, man will be sub¬ 
jected to many unfamiliar stresses. Food supplied and prepared in a familiar noanner 
can reduce these stresses. Thus, it is essential that palatable and hi^ly acceptable food 
be provided. While some of this type of food can be provided dry or dehydrated, the 
majority will require refrtyeration for preservation. Because of the special environ¬ 
mental considerations of space (such as the absence of gravity), as well as the necessity 
to minimise weight, volume and power required, conventional refrigeration systems can¬ 
not be considered sdequate. Project FROST was undertaken in order to study means 
whereby the required refrigeration and related food storage could be provided. 

Requirements 

Specific requirements which have been established for Project FROST are described. 
Two temperature zones are to be provided in the refrigerator. A chill space maintained 
at 32 to 40°F., and a frozen food compartment maintained at -20 to 0 F. The food to be 
stored in ttie refrigerator will be of two basic forms. The first of Uiese will be the primary 
food, packaged in special ctmtainers in order to permit consumption in the absence of 
gravity. Ihe second type of food to be considered for refrigerated storage will be buttered 
bread, provided in the form of sandwiches (two slices fame to face) wrapped in plamtic 
wrappers. In addition to food, consideration has also recently been given to storing fecal 
matter in the refrigerator. This would be packaged material which has been collected 
amd processed by watste handling equipment atnd is to be stored at a low temperature in 
order to provide a means for preventing deterioration. Ihe range of missions to be con¬ 
sidered for this application vary from a period of one week to three years with a crew 
complement varying from one man to 20 men. A very short mission duration of one mam 
for one week is envisioned as an earth orbiting type of mission. The intermediate ramge 
of missions could be eaurth-orbiting space laaboratory types, lunar missions or near earth 
space explorations. Ihe very long mission durations of 20 men for three years are 
imagined to be deep space penetrations. It is desired that the feasibility of a food re¬ 
frigeration system for a space vehicle be established which will function in the environ¬ 
ment of space and at the same time minimize wei^t, volume and power required. The 
type of food and method of food packaging are outside the scope of Project FROST. 

Approach 

As the first step in tt>e search for an adequate refrigeration system for a space 
vehicle, a literature survey was conducted. Ihe search was centered about new or novel 
refrigeration techniques which might be applicable to use aboard a space vehicle. The 
"state of ihe art" of existing refrigeration techniques was also examined in order to de¬ 
termine iqipllcability. Certain details associated with the specific requirements of this 
space aiiplication were also studied, in order to determine the exact refrigeration 



requirements applicable over the wide range of mission durations to be considered. 
Integration of the refrigeration system with respect to the overall space vehicle was also 
considered. Those systems which appear to be best suited for our application were then 
examined in greater detail, ^stem somparisons were made, and final recommendations 
and conclusions were drawn. 
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SECTION II 


HEVIEW UE AVAILABLE REFRIGERATION TECHNIQUES 

A. Basic Copceptfl 

On board a space vehicle, there are basically only two ways of discarding heat. 

The first of ttiese would be internal and would consist ctf the rejection of heat to a cold 
source already available on the vehicle, which required the addition of heat. Such a 
system could utilize liquid 0 ]grgen, or other materials such as fuel for in-flight correc¬ 
tion, stored at low temperatures aboard the vehicle. Ihese materials would require the 
addition of heat before they are ready for use by the vehicle. They could, therefore, be 
utilized as a heat sink for a refrigerator at the appropriate temperature level, but would 
require a carefully balanced system. In addition to the heat balance problem, additional 
mechanical problems exist, since the fuel storage and engine spaces would probably not 
be in the immediate proximity of the refrigerator. This would mean piping low tempera¬ 
ture material through the vehicle and the refrigerator and back again to the engine, not 
a very practical arrangenaent. The second concept which is available is that of com¬ 
plete removal of the heat to be rejected from the vehicle. This can be accomplished by 
two means; either radiation to space, or by material removal, e. g., expendable re¬ 
frigerant systems. Depending on mission requirements, a system involving radiation to 
space would appear to be generally most desirable because the concept of material re¬ 
moval Involves a launch wei^t penalty for all the material which is to be eventually dis¬ 
carded. The engineering feasibility study for project FROST has been directed toward 
the latter of these two concepts. The restrictive nature of the former was not considered 
compatible with the objectives of the FROST program. 

B. Techniques Available 

The following summarizes the many systems investigated and indicates those con¬ 
sidered in greater detail as most probably applicable to Project FROST. 

1. Direct Radiation to Space 

A direct radiation system in its simplest form would consist of a radiator 
with surface properties such that heat inputs from external sources such as 
the earth, sun, reflected sunlight, etc., are exactly equal to the amoimt of 
internally produced heat to be discarded. With fixed inputs to the system and 
a fixed output, the system temperature can be noaintained at a desired constant 
level. Such a system with no active elements is often called a passive radia¬ 
tion system. It is also possible to control the surface properties of the radiator 
sufficiently to enable compensation for loading variations over a limited range. 
If, however, the range of possible variations is g^reat, such a technique could 
not be employed and an actively controlled radiation system is required. This 
technique wUl be considered in greater detail in a following section. 

2. Heat Pumping 

A heat pumping technique is normally utilized when the heat to be discarded 
is at a level lower than that of an available heat sink. An artificial heat sink is 
thereby created at the appropriate low level, and the heat is pumped up to a 
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level above a readily available heat sink and rejected at this temperature. 
Various types of common systems are completely described in aqy elementary 
thermodynamics text. Examples of the common types are the vapor compres¬ 
sion absorption, steam ejector, and air cycle systems. Variations of these 
heat pumping techniques have been used to produce a refrigeration effect on 
earth-bound vehicles and stationary installations for a considerable period of 
time. Special purpose types of heat pumps are also available, such as the 
vortex tube and various cryogenic techniques such as the demagnetization of 
a solid. 

A technique which has recently undergone considerable development and 
which la attracting a great deal of attention currently, is the thermoelectric 
system. However, by using space as a heat sink, a temperature below that of 
the heat to ^ discarded is readily available and it appears Inadvisable to 
attempt to pump heat in order to reject it. This subject will be explored in 
greater detail in a following section. In addition, the systems mentioned are 
probably not applicable for space vehicular use in that wei^t, volume, and 
power requirements do not appear compatible. Furthermore, operation in the 
absence of gravity would require severe modification to existing types of equty- 
ment and as a result, it is possible that efficient performance will be degraded. 
Only the thermoelectric system is suitable for space vehicular use in that the 
absence of gravity would have no effect on the operation of such a system. This 
heat pump system has, therefore, been selected for further study and will be 
described in greater detail in a following section. The only ofiter information 
of interest which was uncovered by the literature survey was the apparent 
potentiality of driving an absorption system by using solar energy. A solar 
power absorption system is illustrated in Figure 24. This type of system has 
been proposed for earth use in areas where solar energy is readily available. 
Problems involved in this type of system are related to the fact that solar 
energy must be added to the same container from which heat is later extracted 
by the process of condensation. This requires that a mechanical arrangement 
be devised for moving this unit from one position external to the refrigerator 
to a position internal to the refrigerator, or a rather complicated pumping 
system must be used. 

If a liquid absorber were used, problems of liquid-vapor separation under 
weightlessness conditions would exist. If a solid absorbent were used, liquid- 
vapor separation would no longer be a problem, but it would be impossible to 
pump the adsorbent from one looation to anoUier and the mechanical movement 
of the adsorbent would be required. Still another factor which should be con¬ 
sidered is ttw necessity to reject more heat Oan was originally required for 
refrigeration, because of Oe addition of external heat (in this case solar energy), 
a situation common to all heat pumps. Thus, even this aystem which appeared 
initially of Interest, because no external energy oflier ttum readily avajable 
solar energy would be required, does not seem suitable because dt the complica¬ 
tions described. 

Expendable Refrigerants 

This technique is essentially an open cycle system wherein the medium 
used to absoib the heat is discarded along witt die heat to be rejected. The 
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cooimon foriaa of this system utilise a change of state of the refrigerant to 
absorb the heat and produce the refrigeration effect. In this way, high heats 
of vaporization or sublimation are available and the resulting vapor is dis¬ 
carded to space. He-entry nose cones make use of a form of this principle 
to discard heat upon their re-entry into the earth's atmosphere by the ablation 
of a surface coating. A transpiration technique has been considered for the 
cooling of high speed aircraft, wherein a fluid is evaporated from the pores 
of the surface to be cooled. An obvious limitation to this concept is the re¬ 
quirement to provide at launch all of the refrigerant which will be required. 
However, for a short mission duration, a relatively simple expendable re¬ 
frigerant system a(g>ears feasible. Therefore, further effort has been devoted 
to this particular concept in order to better establish the limits of possible 
use. 
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SECTION m 


DETAIL CONSIDERATIONS 


A. Eatabllahment of Refrigerator Phygloal Size 

In order to determine the wel^t and volume requiremente for the food to be stored 
on a mission basis, the following food requirements specified by WADD were considered. 

Three six-ounce containers of food will be provided per man for each of three meals 
per day. These food containers are to be stored in the freezer compartment. 

One bread sandwich omisisting of two slices of bread with butter spread between 
will be provided per naan for each of three meals per day. This bread sandwich is also 
to be stored in the freezer. 

Two six-ounce juice containers are to be provided per man for each day. These 
juice containers are to be stored in the chill compartment. 

Two types of containers for these foods are presently being considered. The first 
of these is an aluminum container illustrated by F'-nire 25. A second type of container 
being considered would be all plastic. Bread sandwiches will probably be packaged in a 
plastic wrapper in any case. At this point it .is important to stress the need for proper 
integration of the food containers and the refrigerator. Thermal properties, physical 
size, and the shape of the food containers will be determining factors in the internal de¬ 
sign of the refrigerator. In a minimum voliune, minimum weight system, it is necessary 
to specifically insure that the container will exactly fit the shelving provided and will have 
any necessary appendages required to insure storablllty within the refrigerator. For 
example, a simple notch on the face of the container could be utilized to provide a stop for 
the individual containers as they are removed from the refrigerator. However, at this 
preliminary stage in the program, information on containers is not completely available. 
One container design has been made available and detailed information related to this de¬ 
sign was used in the preliminary estimate of space and volume requirements. Since the 
food will be liquid, semi-solid or diced solid material, the density of water has been used 
as the approximate average density. On the basis of the quantities previously stated, the 
wei^t consumption per man day is 4.83 pounds. This value consists of using a wei{^t of 
0.375 pounds per six mince container and 0.20 pounds estimated for a bread sandwich. 

The added weight estimated for the container is approximately 0.25 pounds based on the 
aluminum design referenced, and a small weight of 0.02 pounds has been added for the 
plastic wrapper for the bread sandwich. Thus, the total weight to be carried on a per 
man day basis would be 7.54 pounds. The volume for the containers and bread sandwiches 
has also been estimated again based on the container information available. A container 
volume of 16.65 cubic inches has been established. Since it would be necessary to allow 
some clearance surrounding the containers in order to provide restraint (shelves or other 
means) as well as an avenue for heat transfer, a volume of 20 cubic inches per can has 
been used. Thus, on a per man day basis, 180 cubic inches for frozen foods and con¬ 
tainers must be provided. In addition, a volume equivalent to that of three bread sand¬ 
wiches must be provided for in the freezer compartment. Again allowing for some snoall 
clearance, 20 cubic Inches per bread sandwich has been estlnoated resulting in a total of 
60 cubic inches per man day for bread sandwiches. The total freezer requirement per 
man day is then 240 cubic inches. A chill space requirement results from the need to 
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provide for two six-ounce containers of Juice per day of 40 cubic inches per man day. 

The total volume, therefore, required for all food in the refrigerator is 240 + 40 or 280 
cubic inches per man day. This is equivalent to a value of 0.162 cub.ic feet per man day 
and is a relatively high value as compared to a figure of about 0.1 cubic feet per man day 
which is estimated for food storage space aboard a submarine. However, this is the 
volume penalty which must be paid when the food is individually packaged as must be the 
case for consumption in die absence al gravity. Aboard a submarine, bulk packaging is 
utilized wherever possible. Table 6 is provided as a summary table of food weight and 
internal refrigerator volume required for representative mission durations. From this 
table it can be readily seen that the weight and volume requirements for the many man, 
long duration missions, are considerable. The refrigerator volume required as a con¬ 
tinuous function of mission duration has been plotted in Figure 26. A 10% excess food 
capacity has been allowed in determining both weight and volume requirements. In addi¬ 
tion, the possibility of denser packaging for the very large volumes has been considered. 

A 30-day, three-man mission can be examined to illustrate the specific internal 
requirements. The total volume of 16 cubic feet would provide for 900 cans and 300 bread 
sandwiches stored in the freezer compartment, and 200 cans stored in the chill compart¬ 
ment. In addition, it has recently been requested that consideration be given to the possi¬ 
ble storage of fecal matter in this refrigerator. This would mean about 1/4 to 1/2 pound 
of material would be added to die refrigerator for each man per day. Since this material 
is 70% water, a density value equivalent to that of water can be used. On the basis of the 
maximum value of 1/2 pound per man day and using the desnity of water, a volume of 14 
cubic inches per man day would be required. Since this is a very small volume compared 
to the space vacated by consumed food on a daily basis (280 cubic inches), a procedure 
for storage of this waste material In the vacated volume should be utilized. In fact the 
volume of fecal matter to be stored for one man day is less than the volume of a single 
container (16.65 cubic inches). Thus, a technique of storing the waste material directly 
in the empty food containers should be considered, or if aluminum food containers are 
used, it is conceivable that these containers could be collapsed and the volume formerly 
occupied by the containers could be used for the storage of the fecal matter. On the other 
hand, if the food is stored in flexible plastic containers, the empty container would 
certainly allow sufficient volume for the addition of the fecal matter. This subject will 
again be considered when the details of the heat load applied to the refrigerator are 
studied. 

B. Insulation Evaluation 


Now that the basic sizes of the refrigeration space required have been established 
as a function of mission duration, the next point to be investigated will be the kind of 
internal insulation suitable for use in the refrigerator. This subject wUl form the basis 
for a further discussion of the over-all refrigerator heat loads. The insulations avail¬ 
able for use can be divided into two major classes. The first of these is insulation con¬ 
taining entrapped air or other intentionally entrapped g^ses at essentially atmospheric 
pressure. The second category would be vacuum insulations wherein atmospheric air has 
been removed. Figure 27 illustrates the kind of thermal conductivity factor available 
with present day insulating materials as a function of temperature. From this data it 
appears that three specific types of insulation bear further investigation. The first of 
these is fibre-glass. Fibre-glass batts can be commercially purchased in densities of 
three pounds per cubic foot, and with a coefficient of thermal conductivity, k, of 0. 24 
BTU/Hr-Sq. Ft. - F/In. in the temperature range of our intended use. This material 
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Table 6. Food Weight and Volume Requiied for Representative Missions 


FOOD STORAGE REQUIREMENTS 


1 Mission 

Ref. Size 

Ft3 

Wei^t of 
food (lbs) 

Total Wt. 

Food and Cont. 
(lbs) 

(Man Days) 

Type 

7 

1 man - 1 wk. 

1.25 

37.2 

58.1 

90 

3 men - 1 mo. 

16 

480 

746 

3650 

10 men - 1 yr. 

600 

19,300 

30,300 

21,900 

20 men - 3 yr. 

3400 

116,000 

182,000 
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MODERATE TKMPBRATURE THERMAL PWCLATIOMB 



INSULATION 

DENSITY 

REMARKS 

(1) 

P-ZERO (10"*nun Hg) 

20. LB/FT* 

0.00014*'IHA FIBERS 
ORIENTED# 

(2) 

POLYURETHANE FOAM - FREON 

FILLED 

2.0 LB/FT* 

CLOSED CELLS 

(8) 

d 1 StZB 

FIBERGLASS-FREON ‘ 


CAUTION: DIFFUSION 
THROUGH CONTAINER 

(4) 

SIUCA AEROGEL - AIR Q 1 atm 

5.3 LB/FT* 

CAUTION: MCXSTURE 

ABSORPTION 

(5) 

C(RUEBOARD - AIRd 1 atm 

8.0 LB/FT* 


(6) 

STYROFOAM - AIR d 1 atm 

1.5 LB/FT* 


(7) 

CELLULAR UREA FORMALDEHYDE 
AIRO 1 atm 

0.3 LB/FT* 


(8) 

FIBERGLASS-Ante 1 atm 

3.0 LB/FT* 

NO BINDER 

(8) 

FIBROUS POTA8IUM UTANATE 

AIR Q 1 atm 

15.0 LB/FT* 


(10) 

MIN.KSOl 

10.0 LB/FT 
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constitutes no special problems other than a disagreeable handling condition. However, 
once installed with a suitable envelope, this material will provide no added difficulty, 
and is representative of about the beat insulation available in a solid material with no 
further requirements. In recent years, emphasis has been placed on foam materials for 
insulation applications, particularly for use as refrigerator insulation. Polyurethene 
foam, for example, filled with freon has a coefficient of thermal conductivity of 0.12 
BTU/Hr. -Sq. Ft. - F/In. at a density of two pounds per cubic foot. This low thermal 
conductivity is the order of magnitude of the minimum obtainable without the use of 
vacuum techniques. However, this type of insulation does suffer to a degree from degra¬ 
dation due to the diffusion of nitrogen from the atmosphere into the insulation. Therefore, 
for comparative purposes, a minimum value will not be used, but a value of thermal 
conductivity which accounts for a degree of diffusion will be used. As a representative 
of the third (vacuum) type of insulation to be considered, G. E. P-O vacuum insulation 
has been selected. This is an Insulation which employs vacuum techniques for use at 
room temperatures and was especially developed for household refrigerator use. In 
addition, this material provides the structural capability of supporting the pressure dif¬ 
ferential Imposed by internal vacuum and external atmospheric pressure with mi n i m u m 
structural support. The density of tills material is 20 pounds per cubic foot, and a value 
of thermal conductivity of 0.0144 BTU/Hr. -Sq. Ft. -°F/In. is a tested and proven value 
for this material. As a final comment, vacuum type insulation appears especially suit¬ 
able for this application because of the teadily available vacuum condition existing in 
space. Thus, the problems sometimes encountered in maintaining vacuum conditions 
within the insulation can be alleviated by venting to space subsequent to launch. In order 
to evaluate the insulation situation, the factors to be considered are wei^t, volume and 
insulation effect. Obviously, the lowest k value material will result in a lowest heat load 
into the refrigerator for the same thickness of material. Or on the other hand, a reduced 
thickness of lower k value material could be used to result in the same heat load as that 
of a higher k value material. The weight penalty of providing different levels of heat load 
into the refrigerator must also be considered. 'Therefore, a relationship has been estab¬ 
lished combining the effects of insulation weight, and ultimate radiator weight required 
to discard the heat allowed to leak into the refrigerator. Using some numbers which will 
be developed in subsequent sections of this report, a figure for radiator weight which can 
be used is one poumd per square foot of surface area required. The surface area required 
can be described by the heat flow q divided by the radiative capability per unit surface area 
q". A good value for q" for this iq>plication, which is also derived in a later section on 
radiation capabilities, is 25 BTU/Hr.-Sq. Ft. The heat flow, q, through the insulation 
is described by the following ejqiression; 


q = 


kAdT 

t 


where k - coefficient of thermal conductivity 
A > area (sq. ft.) 
dT = temperature differential ( F) 
t = thickness (ft.) 
then q = BTU/Hr. 


For a particular application the area of the external surface of the refrigerator 
would be fixed as well as the temperature difference existing. Thus, the effect of varia¬ 
tion of thickness of the insulation, and the thermal coefficient can be evaluated. The 16 
cubic ft. refrigerator which results in a surface area of 38.1 sq. ft. will be examined 
in detail. On the subject of the temperature difference to be considered, an extreme low 
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temperature for the refrigerator of -2 o‘’f has been aaeumed. It is understood that this 
temperature is not especially desirable for all of the food, since this low temperature 
would require additional heat input to foe food in order to warm it prior to consumption. 
However, in order to examine foe refrigeration capability, foe lowest refrigerator temp¬ 
erature required is best considered. To maintain a temperature of -20 for foe food, an 
average refrigerator inner surface tegiperature of about -25° has been estimated. Ibis 
means a temperature difference of 95 F. between refrigerator inner surface and the 
cabin, assuming a cabin temperature of 70 F. if we combine the above values, the radi¬ 
ator wei^t can be expressed as follows: 

Radiator Weight - Radiator Area x Specific Wei|^t where 
(Radiator area) - ^ 

or substituting for q 

ItAdT * 1_ 

^rad ” t * q" 

for the particular case under consideration 

Rad. Weight - Rad. Area x 1 

k (38.1X95) 
tx 25 

_ 144.8k 
t 

The Insulation weight is defined by foe surface area. A, of foe refrigerator multi¬ 
plied by foe thickness, t, and foe density, p, of the insulation. Thus, for foe 16 cubic 
ft. refrigerator, we have, 

Insul. Weight» A x x p 

Jl2 

»38.1 x^ X p 


> 3.17 X p X t 


Thus, foe total weight, W^. et foe radiator and insulation is equal to foe sum or. 




144.8k 

t 


+ 3.17pt 


This weight neglects foe weV>l ^ accessory structure and controls which will be 
essentially foe sanae for all foe syetems. These weights will be considered in foe design 
study. For a particular insulation where k and p have been established, foe value of t 
which will produce a minimum W can be found. Taking the derivative of W with respect 
tot * * 


® 144 air 

--=— ♦ 3.17 P and equating to aero 

f2 


dt 



t 


2 


144.8k 
3.17 0 


or the min. W^, t = 


r i44.8k ~| 1/2 
[ 3.17p_ 


For the three materials being considered, this relationship was solved and is pre¬ 
sented in Table 7. Figure 28 Illustrates the continuous variation of system weight (W ) 
vs. insulation thickness for these three materials and visually demonstrates the thick¬ 
ness to weij^t tradeoff available. A further parameter which must be considered is the 
volume occupied by these various materials. For example, it can be readily seen that 
the polyurethane foam results in the lowest system weight (21 pounds); however, the re¬ 
quired insulation thickness is 1.656". The P-zero, on the other hand, has a minimum 
system weight of 23 pounds for a corresponding 0.1814 thickness. Thus, at the cost of 
a alight increase in weight, a considerable amount of volume is saved by the use of this 
kind of insulation. An additional characteristic which is found in this curve is the rate of 
change of system wei^t with increase in thickness. For example, if a thickness slightly 
greater than die minimum value for the P-zero material were used, say a value of 1/4", 
the system wei^t would increase only a small amount to about 24 pounds. This would 
have the effect of decreasing the heat flow into the refrigerator. This effect is illus¬ 
trated by Figure 29. a plot of heat flow into the refrigerator vs. the insulation thickness. 
Examining this figure, it can be seen that the heat flow is reduced from 287 BTU's per 
hour to 209 BTU's per hour by increasing the insulation thickness of the P-zero from the 
minimum value to a value of 1/4". This would result in a significant saving in the re¬ 
quired radiator size at the cost of only a small amount of additional weight. 

In summary, we find that the polyurethane foam filled with freon results in the low¬ 
est system weight. However, a substantial volume is required and some provision for 
pressure differential would have to be made since the ground environment of the space 
capsule would probably be one atmosphere, whereas the space environment of this cap¬ 
sule may be in the neighborhood of 1/2 atmosphere. The P-O vacuum material looks 
especially promising since the minimum system weight is very nearly as low as the gas 
filled foam and the required volume is considerably less. A problem to be expected with 
this type of insulation would be the heat flow due to edge leakage since the thickness of the 
insulation being considered is small. Special design features may be required in order 
to minimize this situation. The P-O was selected as representative of vacuum insulations, 
because the weight penalty required to provide for the pressure difference applied across 
the walls of the refrigerator has been accounted for in the hi^ density of the material. 

In addition, the k value provided for this particular material has been established for 
operation at room temperature. This information is not readily available foi most vacuum 
insulations which are normally operated at cryogenic temperatures. At the relatively 
higher temperature which is under consideration (room temperature), radiation is a sig¬ 
nificant effect contributing greatly to the thermal conductivity of the material. 

The fibreglass insulation would not be a structural problem, but has a relatively 
low insulation factor to weit^t ratio. In addition, the minimum system weight is fairly 
hi^, there is a hi^ heat input into the refrigerator, and the volume occupied is great. 
Thus, it appears that the most suitable insulation would be something like the P-O vacuum 
type insulation. The exact insulation to be used will not be selected at this point, but has 
merely been evaluated in order to establish the level of heat load into the refrigerator. 
During the design study phase, a more detailed evaluation of the insulation will be made 
in order to decide upon the specific form of the insulation to be applied. At this point, it 
appears that reasonable value to use for heat leakage through the walls of this particular 
refrigerator (16 cubic ft.) would be a value of about 200 BTU's per hour. 
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Table 7. Summary of Performance Data for Primary Insulations Considered 


INSULATION EVALUATION SUMMARY TABLE 


Material 

k 

BTUAr. -sq. ft. -®F/ln 

Ibs/ft.® 

Min. Wt. 
lbs. 

Min. t 
inches 

Fiberglass batts 

0. 24 

3 

36.4 

IHgH 

Freon filled 
Polyurethane Foam 

.0.12 

2 

21.0 

1.656 

P-O 

0. 0144 

20 

23.0 

0.181 
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C Overall Refrigerator Heat Loads 


In addition to the heat transfer through the walls which has been evaluated in the 
previous section, heat will have to be removed from the refrigerator because of the fol¬ 
lowing items: opening of the doors of the refrigerator allowing room temperature air to 
enter, conduction through the attaching stiucture of the refrigerator, cooling of the used 
containers which will be returned to the refrigerator, and also the capacity is to be pro¬ 
vided to chill some dehydrated juices after they have been reconstituted. Finally, an 
added heat load which is to be considered, is the possibility of storing fecal matter in 
the refrigerator. Examining in detail the 16 cubic ft. refrigerator, (3-man, 30-day 
mission): 

1. Heat Transferred Through Walls 

The value of 200 BTU's per hour previously determined will be used. 

2. Heat Transferred as a Result of Opening Doors 

A conservative assumption that 10% of the refrigerator air will be replaced 
by air at cabin temperature each hour will be made. This is based on a rough 
estimate of one opening per hour. Since the three men may be required to 
consume their meals at separate times, at least nine meals or nine openi.'igs 
must be considered. Therefore, a conservative allowsmce for 24 refrigerator 
openings, or one per hour has been made. The 20% air change per opening 
added to the refrigerator is also conservitive because the basic design will 
insure that this effect is minimized. On the basis of this conservative esti¬ 
mate, the following heat load can be calculated. 

Assuming the cabin environment to be air at one atmosphere, the wei{d>t, W , to 
be cooled per hour corresponding to 10% of 16 cubic ft., or 1.6 cubic ft., is ^ 


W 


fiV 

RT 


14.7 X 144 X 1.6 
53.3 X 530 


where p 
V 
R 
T 


absolute press. (Ib./sq. ft.) 
Volume (ft®) 
gas constant (air -53.3) 
absolute temperature R 


= 0.120 lb./hr. 


The relationship which determines the amount of heat to be removed in order to 
cool this air and freeze out most of the water contained in it is 


q = W [(h -h) + (w -w)h1 
^ a L' o s' o 8 sub J 

where h > enthalpy of air supplied 
o 

h^ = enthalpy of air in the refrigerator 
w = lb. of H O vapor/#dry air supplied 

O M 


87 




w ■ lb. of H O vapor/#dry air in the refrigerator 

9 2 

h^^ 'enthalpy of sublimation (1220 BTU/#) 

Assuming the cabin air to be at a temperature of 70°F and the relative humidity to 
be a maximum of 60%, then 

hjj ■ 28 BTU/lb. and ■ 0.008 lb./lb. dry air. 

The conditions inside the refrigerator are -20°F and 100% R. H. then 

h - -6 BTU/lb. andw « 0.0004 lb./lb. dry air 

s s 

Thus, the heat to be removed in order to cool the air is 

h - h - 28- (-6) - 33 BTU/lb. of air 
o s 

and the heat to be removed in order to freeze out the water vapor is 

h . (w - w ) - 1220 (0. 008 - 0.0004) « 1220 x 0. 0076 
sub os 

- 9.3 BTU/lb. of air 

Iberefore, the total heat to be removed for this effect is 
q - 0.120 (33 + 9.3)-5.1 BTU/hr. 

3. Heat Transferred by Conduction Through the Structural Members 

This value will not be calculated in detail, since the calculation is complex and 
la dependent on the refrigerator deslgi^A^latively small value will be assumed 
considering the use of ttermal insulators, either as structural members them¬ 
selves or separating the structural members from the refrigerator. An approx¬ 
imate value of 10 BTU/hr. has been assigned to this heat path. 

4. Removal of Heat from Containers Replaced in the Refrigerators After Use 
Q - WC 0 T - where W/oan - 0.26 and C for alum. - 0.22 
considering die 33 cans per day used for ttiis mission 

Q - (33 X 0.25) 0.22 x 90 - 163.4 BTU 

distributing this over a 24 hour period the average heat flow rate is 
q - -6.8 BTU/hr. 



5. Provtalon of the Caaaotty to Chill Juice C!ont»liier» 


Estimating that two additional six-ounoe Juice containers per day consisting of 
reconstituted Juksea will be chilled for each man, It will be necessary to provide 
the capability to chill a total of six such containers each day. However, these con¬ 
tainers need only be reduced from room temperature to a chill temperature of 35 F. 

Again Q-WC^T 

for the contents of the containers 

W - 6 X 0.376 - 2.25#, AT -= 70® - 36®F, and C - 1 

q > 2.25 X 1 X 35 • 78.7 BTU 

for the containers themselves (assumed alum, similar to others) 

W- 0.25 x 6 - 1.60#, AT-36®FandC-0.22 

Q - 1.50 X 0.22 X 35 - 11.5 BTU 

Thus, the total heat load per day required for the chilling of these containers 
is 90 BTU's. On a very conservative basis, that is, requiring that all six containers 
be reduced in temperature in a pericd of three hours, the average heat load is 
approximately 30 BTU's per hour. This conservative value will be used, although 
it would not be a constant requirement for Oie entire 24 hour period. Obviously, 
a considerable lower value would result if the 00 BTU's were equally divided over 
a 24'hour period. 

6 . Storage of Fecal Matter 

The final item to be considered is the possible necessity of storing fecal mat¬ 
ter in the refrigerator. Using the maximum rate of supply of 0.5 lbs. per man per 
day, and using the specific heat of water, the principle constituent, the following 
heat load results. 

Assuming an original temperature slightly higher than room temperature, say 
80®F, and cooling this to -20®F then T - 100®F W-3x0.5-1.5andC-l. 

Again Q-WC at Q - 1.5 x 1 x 100 - 150 BTU 

Ibis can be distributed over the entire 24-faour period and the average heat 
flow rate is; 

ISO 

q » -57 = 6.25 BTU/hr. for a max. value 

Ihus, in summary, all of the heat load elements considered have made a relatively 
small contribution to the refrigeration requirement except for the heat leakage through 
the walls. The only other substantial value has been the provision for Hie capability of 
chilling items added to the refrigerator. 




Hie capability to pull down the entire refrigerator to the required low temperature 
will be briefly considered. The total wei^t of food and containers to be carried for a 30- 
day, 3-man mission is 746 pounds, excluding internal elements of the refrigerator itself. 
With a substantial weight such as this. Involved, the refrigerator capacity for lowering 
this weight a significant number of degrees would be exceedingly large, much out of pro¬ 
portion to the other requirements described. However, since the refrigerator will be 
loaded with cold food (the food could be even colder than usual for initial loading, or the 
box itself could be pre-chiUed), the thermal inertia of such a massive quantity would be 
high. This will be shown in detail in a subsequent section. Thus, initial pull down would 
not be required, nor would ground cooling prior to launch be necessary. Should failure 
occur in flljhi, & considerable amount of time would be available for effecting minor 
repairs without a serious increase in the refrigerator temperature. If a serious failure 
or damage should occur in fll^t, it would probably be necessary to abort the mission in 
aqy case, thus, pull down ciqiabllity will not be considered. The total value for refrig¬ 
erator heat load Independent of the requirements for storage of fecal matter is 251.9 
BTU's per hour as summarized in Table 8. This will be rounded out to approximately 
250 BTU's per hour for a 16 cubic ft. refrigerator, accommodating three men for 30 
days. The addition of the requirement for the storage of fecal matter would not make a 
significant difference, since the BTU per hour value is small, and in light of the fact 
that a significant additional capacity was provided in assigning a value of 30 BTU's per 
hour for the capability of chilling the Juice containers. Thus, this value of 250 BTU's 
per hour can be used as a basis for establishing the relationship between mission dura¬ 
tion and refrigeration requirement. (See Table 9.). This relationship as a continuous 
function is shown as Figure 30. 

D. Thermal Inertia Considerations 


Since a considerable weight of food is to be stored in the refrigerator, the thermal 
inertia aspects of die food storage problem should be examined. For a three-man, 30- 
day mission approximately 746 pounds, including containers, will be initially stored in 
the refrigerator. Of this total weight, 480 pounds is food which will be consumed. How¬ 
ever, the used containers will be returned to the refrigerator thereby insuring a weight 
of 266 pounds remaining at die end of the mission. Of course, if the weight of the con¬ 
tainers is significantly reduced, both total and final values of weight will be similarly 
reduced. On the other band, the addition of fecal matter would add weifdit. However, 
using the weights presenUy available, and neglecting the possible addition of fecal mat¬ 
ter, the following analysis was performed. Failure of the refrigerator was considered 
at different times throu^iout the mlssiMi and the corresponding wei^t of the refrigerator 
contents was used. The same magnitude vi beat loads as originally required was used, 
that is, the 250 BTU's per hour as previously established, except for a correction due to 
die increasing temperature widiin the refrigerator. Both the specific heats of the food 
and the containers were considered. Hie specific heat of the food was estimated to be 
equivalei^ to diat of water and die specific beat of the containers was assumed to be that 
of aluminum. By using an approximation process consisting of first estimating the 
temperature drop which could be expected, and correspondingly reducing the heat leak 
into the refrigerator, the actual temperature drop could be determined by a reiterative 
process. 

Hie results of diis analysis are summarised on Table 10. This table illustrates 
die effect of die thermal inertia on the temperature of the refrigerator corresponding to 
failure or shut down of the refrigeration qrstem during the first dity, and on five day 
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Table 8. Summary of Heat Loads Estimated for the 16 Ft. ^ Refrigerator 
(Uiree-Man Thirty-Day Mission) 


HEAT LOAD SUMMARY 


Cause 

Heat Load 
BTU/hrs. 

1. Transferred Throu^ Walls 

200 

2. Result of Opening Doors 

5.1 

3. Conduction Through Structure 

10 

4. Cooling Used Containers 

6.8 

5. Capacity for Chilling Added Juice Containers 

30 

TOTAL 

261.9 
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REFRIGERATION REQUIREMENT 


Utilizing the Information developed for the 16 cu. ft. refrigerator as a basis, the 
refrigeration requirement as a function of mission duration and corresponding refriger¬ 
ator size will be established. 


260/16 - 15.6 BTU/hr/ft® 

3 

For the very large sizes (over 1000 ft ) a requirement of about half of this, 8 
BTU/hr/ft3, will be used. This results from the fact that volume increases at a more 
rapid rate than does surface area. 

3 3 

A value of 10 BTU/hr/ft will be used for the in-between size (600 ft ), and a 

relatively high value of 26 BTU/hr/ft^ will be used for the very small size (1.25 ft^). 


Table 9. Relationship Established Between Mission Duration and 
Refrigeration Required 


TABULATED REQUIREMENTS 


Mission 

Size 

Sizing Rate 

Refrig. Req. 

Mission 

Man-Moo. 

(ft®) 

BTU/hr/ft^ 

BTU/hr. 

(BSan-Days) 

0.25 

1.25 

25 

30 

7 

3 

16 

15.6 

250 

90 

120 

600 

10 

6000 

3650 

720 

3400 

8 

27,200 

21,900 
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Table 10. Thermal Inertia Situation for a Three-Man-Thirty-Day Mission 


THERMAL INERTIA OF SYSTEM 


Assuming Ref. Coils at -25 *’f Initially 


Day of Failure 
or Shut Down 

First Day 

T 

Temp at End 
of Ist Day 

Days to 
Reach 0®F 

Days to 
Reach 30°F 

0 

11.3 

-13.7®F 

2.3 

6.1 

S 

12.8 

-12.2®F 

1.9 

4.6 

10 

16.0 

- 9.0®F 

1.6 

3.6 

15 

19.8 

- 6.2®F 

1.3 

2.9 

20 

25.5 

+ 0.6®F 

1.0 

mm 

25 

36.1 

+11.1®F 

0.7 

(17 hrs.) 

1.7 
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intervals subsequent thereto. The temperature drop resulting from the first 24 hours 
following shut-down is indicated as well as the final temperature at Ibis time. Hie number 
of dt^s of non-operation of the refrigerator required for the temperature to reach zero 
degrees F, and also 30 F are included in this table. It can be seen that a day or more 
of thermal inertia is available. The minimum value is, in fact, 17 hours before the 
temperature of the walls will rise from -25 F to 0 F. In addition, two or more days 
are available prior to the temperature of the walls reaching 30 F. The food at a 
slightly lower temperatre than the walls is considered to be at the threshold of de¬ 
frosting at this point. Of course, these values would have to be modified if it were 
desired that the refrigerator temperature be maintained closed to O' F. However, in 
order to take advantage of the maximum thermal inertia which could be made available, 
it appears advisable to maintain the average temperature in the refrigerator at 10 F or 
possibly lower. During the design study phase, consideration will be given to an arrange¬ 
ment whereby the temperature of those containers which are about to be used could be at 
a subtly hli^r temperature (nearer the desired value of 0 F) while the overall refrig¬ 
erator temperature is maintained at a lower vaJue. 

The thermal inertia characteristic has several other interesting aspects. It can be 
seen, for example, that the refrigerator, fully loaded, could remain on the ground with 
the vehicle in the launch position for 2.3 days before the temperature in the refrigerator 
would reach 0^F. Thus, there would be no requirement for ground cooling. If necessary, 
the original temperature of die box could be reduced to a value even lower than -20 F in 
order to insure a launch temperatore of -10 F. Another situation during which the 
thermal inertia of the refrigerator would of use would be at a time when the space 
vehicle is in close proximity is to a large heavy body such as might be the case of a 
lunar observing space vehicle. If it is required to approach the moon at a very low alti¬ 
tude, the thermal radiation effects of the lunar body as well as reflected solar radiation 
could create a serious problem for a refrigeratiem technique employing radiation to space. 
However, due to the availability of thermal inertia, the r^rigeration system could be shut 
down for long periods of time without serious mishap. Finally, the thermal inertia avail¬ 
able could be used to determine the requirement for dry emergency rations. B the three- 
man, 30-day mission were a circum-lunar type, it can be seen that after the first 15 days, 
less than three days of thermal inertia are available to prevent food spoilage. If it were 
desired to provide five days food at all times, even under emergency conditions, then 
approximately ttiree days of dry emergency rations could be provided (certain dry i'oods 
will already be stored aboard the vehicle and this may be sufficient). 

E. Heat Pumping Considerations 

Since the ability to radiate beat is a function of the fourth power of the temperature 
of the radiator, it would appear desirable to increase the temperature of the heat to be 
discarded. However, not so obvious is the fact that die process of heat pumping itself 
adds heat to the original refrigeration requirement. The total heat that must be dis¬ 
carded is then dependent upon the efficiency of the heat pump. In addition, the weight 
penalty of the power required must be accounted for, as well as the weight penalty of the 
heat pump itself. Thus, in order to evaluate the desirability of pumping heat, a break¬ 
even situation will be examined. That is the point at which the weight of a direct radia¬ 
tion system (without the heat pump) equals a beat pump system radiating to space at a 
higher temperature. Initially, black body conditions only will be considered. That is, 
the effect of the earth, the sun, and solar reflected radiation will be neglected, and we 
will consider the so-called perfect radiator. This is a situation which can be approached 
in space and will be better described in a following section of this report. 
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The only element to be conaidered in the direct radiation ayetem ia the radiator 
itaell. The weight of ttiia radiator ia determined on the baaia of the aurface area re¬ 
quired. The aurface area required can be expreaaed in the form 


A 

o 



where A 

o 

•^r 

0 

f 

T 

o 


aurface area (aq. ft.) 
refrigeration effect (BTU/hr.) 
Stefan - Boltzmann constant 
emiaalvity (dimenaionleas) 
radiator temp. 


Since we are considering a perfect radiator^C • 1 and Ag-qp/o . To convert this to 
weight, a value for the specific weight of the radiator, w (Ibs/sq. ft.), must be applied. 
Since a reasonable value for w has been found to be one ^und per square foot (see sec¬ 
tion IV-B-3), then the correspSnding wei(^t of this radiator, is w^ A or 



For the corresponding heat pumping situation, several weight elements are to be 
conaidered. The first of these is Uie weight ot the new radiator. This new rtidiator 
must discard both the heat due to die refrigeration effect, q^, and also the additional heat 
due to the energy input to the heat pump, W. The ratio of &se two values is defined as 
the coefficient of performance (COP). Thus, the total heat to be discarded is q^ + W, 
and since 

COP - q /W 
r 


then the total heat to be rejected can be expressed as 


qt “ qij. + qj./COP or 0^ ■ (1 + 


COP 


) 


Due to the heat pumping effect, this heat will be rejected at a 
The radiator area required is dien described by 


temperature T^ ( R). 


1 + 


* _ ■ 


C T 


and since a radiator specific wei^t of one pound per square foot is to be used, this ex¬ 
pression also describes die required radiator weight. That is 


1 + 


wn 


■ q_ (■ 


COP 
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The weight penalty for the provision of the Input energy, W, necessary to drive the heat 

pump must also be determined. Once again expressing W In terms of and COP and 

dividing by a value of power supply specific weight, Wp (in BTU/lb.). The weight of 

furnishing the power, P , can be expressed as 
wn 

P •• q /COP X w 
wn ^r p 


The final weight which must be considered Is the wei^t of the heat pump Itself, 

This wel^t can be described as being a function of the refrigeration effect, q , and will 
be qr/W|j, where is the specific weight of the heat pump in BTUAr/lb. Therefore, 
the wei^t of the entire heat pumping, HP , system can be described by the sum of these 
three terms. ^ 


HP 

w 


R + P + H 
wn wn wn 


or 


HP 


S^COP ^ 


COP X w 


% 

w. 


For break-even, the relationship for R^^, the wei^t of the direct radiation system^ can 
be set equal to HP^, the weli^t of the heat pumping sy stem. This equation will be solved 
for COP in terms of Tq (the temperature at which heat is to be discarded using the heat 
pump system). 



S:<^"COT> *>r % 


It can be seen that q^ appears in all the terms and thus will be divided out of the equation; 
that is, the relationah4> is independent of the refrigeration effect term or 


1 



(1 


1 

^COP' 


CT T 


COP X w 


1 



simplifying and solving for COP 



COP+ 1 

COPx oT ^ 
n 


1 

COPxw 

P 


1 
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COP COP+ 1 


_ + JL + COP 

4 w w, 

P ^ 


at this point some new constants will be defined and introduced 
4 


R = (jT 
n n 


oT 


(the Independent variable) 

(a constant) 


b ■ 


P 

1 


(a constant) 


(a constant) 


thus the equation can be represented by 


COP + 1 

a (COP) - - b + c (COP) 

n 


continuing to simplify and solve for COP 


aR (COP) - COP + 1 + bR + cR (COP) 
n ' n n 

COP [Rjj (a-c) - 1 j - bR^ + 1 


Finally, we have Rie relationship for COP in terms of the temperature of the beat to be 
discarded for the heat pumping system. 


COP - 


bR > 1 
n _ 

R (a-c) -1 
n 


This is the break-even COP. If a heat pump COP greater than its value is attainable at 
dw new temperature Tq. representing a heat pump AT of Tg-T,,, then the heat pumping 
system weight would be lower Rian Rmt of the direct radiation system. Figure 31 is a 
plot of the break-even COP as a function of A T. It can be seen from the figure that 
extremely high COP values are required for break-even at moderate AT conditions. As 
the AT increaeee, the COP required for break-even decreases, but is still much hl|^er 
than present technology permits, or even Oat which would appear possible in die 
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foreseeable future. In order to demonstrate the cumultatlve effect of the added factors 
requiring successively higher COI**s for break-even, three curves have been plotted on 
Fi^e 31, and are compared to the capability of a thermoelectric heat pump. Ihe 
first of these curves neglects tte weight addition due to the power required, and also the 
wel^t of the heat pump itself 0> • c > 0). Ihe expression for COP for tills case is 


COP - 


The second curve adds in the effect of accounting for the weight trf the power required, 
but excludes tiie weight of tiie punqi. In this case o - o, and could represent a very high 
specific weight for tiie heat pump, then 



COP 


bR 

n 

aR -1 
n 


The third curve accounts for all of the factors and is the entire equation. At this point, 
it is interesting to note tiiat if c is greater than a, the COP is negative, an impossible 
situation indicating tiuit there is no real value of COP which will make the wei^t of the 
two systems equal. This la actually the case in the situation being considered, if w^ is 
sufficiently low. This will be demonstrated by evaluating the constants a, b, and c. 


a 



or 


sinca o ■ 0.1713 x 10*^ 

and using a radiator temperature of 

-30°F for the direct radiation system 


a 



1 

« 4.2 


- 0.01558 


Solving for b 

For, Wp, a reasonable value which can be found in the literature is three watts per 
pound, or approximately ten BTIPs per pound. This is slightly optimistic, but is 
one which should be attainable in the relatively near future. Therefore^b - 0.1. 

Solving for c 

Establishing a value for w^ is a little more dlffiottlt. This value can vary anywhere 
between 20 BTU's per pound foomnwrolally available Westin^iouse WX814 tiienno- 
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electric unite for a l^att couple and a AT of 90°F), and pefliapB 400 BTU's per 
pound (large vapor compreeeion unit). Tlius, c can vary between 1/20 and 1/400 
or between a range of 0.06 to 0.0025. 

Since a value of c = 0. OS is greater than a = 0.01558 from above, a break-even 
COP does not exist. The curves provided have been plotted in terms of the coef¬ 
ficient of performance because this is the usual manner of describing the perform¬ 
ance of refrigeration devices, and the current state of the art of existing refrigera¬ 
tion techniques can be readily found in terms of this coefficient. 

One final situation will be considered, and that is the special case where the radiator 
capability is reduced because of earth effects or other external heat liqMits. Let us ex¬ 
amine the case where the radiator capabili^ is reduced to 25 BTU's per sq. ft., for a 
radiator temperature of approximately -25 P. For this case a more realistic value of 
( s 0.9 will be used rather than unity as for a perfect radiator. The following conditions 
will also be establishedr^OA. refrigerator temperature of 44 o”r which will require a sink 
temperature of at least 430 R. For the sake of comparison this will be considered the 
temperature of the radiator for the direct radiation system, and also the cold tempera¬ 
ture for the heat pump(a)Consldering a AT of 100 F. for the heat pump, the hot side 
temperature would be 530 R anda corresponding radiator temperature of 520 R can be 
used. Thus, T = 430 Randvc'l^’* 52.7 BTU/hr/sq. ftl,t)Since we are considering the 
net radiative heat flow per square foot of area to be 25 BTU/hr., then 27.7 BTU/hr. 
must result from the external inputs, 

4 o 

and R = c < T - input flux where T = 520 r 
n n n 

= 112.7 - 27.7 = 85.0 BTU/hr/sq. ft. 

also a = ;^ = 0.04 A value of b = 0.1 will be used as before. 

25 

For W., an optimistic value of 100 BTU/lb. will be used or c = 0.01. Thus, to solve 
for the nreak-even COP 


COP 


bR - 1 
n 

R (a-c) - 1 
n 


9.5 

1.55 


6.3 


(0.1 X 85) - 1 
85 (0.04 - 0.01)-! 


Thus, it can be seen that the required coefficient of performance would have to be 
6.3 for break-even, which is an extremely high value for the conditions established. It 
is possible for a large unit, that is, one capable of a very large refrigeration effect, 
that W|i might be hi^er ttuin the value used, but the combination of a large AT, high W^, 
and high COP required is not yet possible. This would be an area for possible future 
development. However, a further consideration must be that of operation under zero G 
conditions, that is to say these high coefficient of performance requirements must be 
maintained in the absence of gravity. If a heat pump is ever to be developed for use in 
the type of situation being analyzed, the following requirements would have to be satisfied; 
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adequate functioning In the abaenoe of gravity, a hii^ AT capability muat exlat cond>ined 
with high W. and a high COP. and the power to operate auoh a unit muat be provided with 
a Ugh Wp. “ 

Thus, In summary, It can be aeen that existing equipment or equipment which can 
be Imagined will exist In the foreseeable future, cannot be expected to have the efficiency 
of operation required to Justify pumping and the heat to be discarded to a higher temp¬ 
erature. 
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SECTION IV 


TECHNIQUES CONSIDERED BEST SUITED FOR SPACE VEmCLE APPUCATION 

As a result of the literature survey and preliminary analysis of the systems avail¬ 
able, the following techniques appeared to offer the best possibilities and have, therefore, 
been examined in detail. 

A. Expendable Refrigerant 

The concept of an expendable refrigerant appeared to be noost attractive for short 
mission durations. Utilizing such a system, a radiator and a heat transport fluid would 
not be required. Ihe only unique elements necessary would be adequate storage space 
for the quantity of refrigerant required and an evaporation chamber of some sort. Since 
the near zero pressure of space is readily available, a system using a low pressure can 
be considered. The schematic diagram for such a system is illustrated as Figure 32. 
Optimum design requires that fte average temperature of the heat exchanger be very 
nearly that of the temperature of the refrigerator and it is desirable that only a small 
temperature gradient exist across the heat exchanger. A refrigerant which would change 
state at the required temperature was considered desirable. A number of possible re¬ 
frigerants were examined and a careful study of the literature was made. Metallic solids 
at extremely low pressures could possibly be utilized since they have extremely high heats 
of vaporization or sublimation. However, their rate of sublinoation would be extremely 
slow, and it appeared that the problem of providing sufficient surface area of the refrig¬ 
erant in order to remove the desired heat at the proper rate would be severe. Among 
the liquid refrigerants, water, as usual, had the best heat of vaporization. However, 
water is solid at -20 F at ordinary pressures. This is no problem and, in fact, is d 
some benefit^ since at an appropriately low pressure the ice will sublimate and convert 
directly to water vapor with an energy input equal to the heat of sublimation. This could 
then be used to produce the required refrigeration effect. The phase diagram for water 
at low pressures is^illustrated as Figure 33. From this figure, it can be seen that a 
temperature of -30 F can be produced with a pressure of 0.0035 pounds per square inch 
or a temperature of -10 F can be produced with a pressure of 0. 011 pounds per square 
inch. Temperatures sli^tly lower than that required for the food have been considered 
in order to permit some thermal gradient within the refrigerator. Thus, if a chamber 
containing ice were maintained at the pressure levels prescribed, beat could be removed 
and the corresponding temperatures would be maintained. The only added element neces¬ 
sary for such a system would be a pressure relief valve which maintains the pressure 
within fiiese limits which are somewhat above the essentially zero pressure available in 
space. A rudimentary laboratory model of such a system was assembled and tested. A 
descriptive diagram of the ice sublimation system tested is illustrated in Fig^ire 34. Ice 
cubes were used during this testing rather than a solid block of ice, because it was found 
that more uniform sublimation occurred and the thei^ial gradient across the ice was re¬ 
duced. That is the heat input could be distributed to a larger surface area of the ice in¬ 
suring uniform sublimation, raUier than concentrated action at the edges of the ice adja¬ 
cent to the heat input plate. 

The elements of the system will be described. Hie ice cubes were held against the 
sublimation plate by spring pressure. A heat input simulating the refrigerator loading 
was added to the sublimation plate by the use of a heater attached to it. The heating ele¬ 
ment was surrounded by Insulation in order to assure that essentially all of the heat 
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produced by the heater would be transmitted to the sublimation plate. The simulated sub¬ 
limation chamber contained an orifice which was intended to produce a pressure difference 
between the sublimation chamber and the surrounding bell ]ar. In this way, a low vacuum 
pressure could be produced in ftis bell jar, simulating space conditions, and slightly 
higher pressure would then exist Inside the sublimation chamber. By controlling the pres¬ 
sure in the bell jar, the pressure within the sublimation chamber was maintained near 
the desired value, thereby insuring control of the temperature of the sublimation plate. 

A slight difficulty was encountered in maintaining the exact pressure desired in the bell 
jar, therefore, sli^tly lower sublimation chamber pressures were achieved than that 
intended. Therefore, correspondingly lower plate temperatures were realized. A photo- 
grsi^ of the test set-up is included as Figure 35. Summarizing data of the test conducted 
is shown in Table 11. This fundamental arrangement demonstrated the ability to add heat 
to the system which was absorbed by the conversion of the ice to water vapor, and which 
in turn was discarded to the simulated space of the bell jar and vacuum pump. The arrange¬ 
ment shown was capable of holding the plate temperature below -20 F with a heat input of 
five watts (17 BTUAr.) for several hours with only a relatively small reduction in the 
size of the ice cid>e8. A close-up photogn4>h of the ice cubes following this test is pro¬ 
vided as Figure 36. Thus, It appears hi^y feasible that an ice sublimation system is 
suitable provided that the quantity of ice which must be initially furnished is not excessive. 

It is interesting to note that this return to an ice box type of food storage facility rep¬ 
resents a considerable modernization over that available in the old home ice box of a 
generation ago. For this space age system a refrigeration capability of 1220 BTU's per 
pound of ice (the heat of sublimation) is available rather than the relatively low heat of 
fusion (144 BTU/lb.) originally available in the old ice box. An obvious limitation of such 
a system is one in which large quantities of ice would have to be provided at launch. It 
is, however, conceivable that a system such as this could be used on a continuous supply 
basis. That is to say, water could be added to the sublimation chamber which would 
freeze, thereby providing additional ice, or the sublimation chamber could conceivably 
be recharged with ice that was frozen in the refrigerator, assuming that the water balance 
for the vehicle is such that surplus water is available. 

Finally, the system is simple and as)pear8 to be quite reliable and would be satis¬ 
factory for relatively short mission durations. For mission durations of 20 man days or 
less, an ice sublimation refrigeration system should certainly be considered. It would 
also appear desirable to investigate the potentiality of a continuous supply system for 
extending the range of suitability this concept. 

B. Direct Radiation 


1. Space as a Heat Sink 

With space available as the ultimate heat sink, a thorou^ investigation of the 
ability to discard heat was required. It was necessary to determine the range of 
temperatures which could be maintained on a radiator surface for all situations. 

For example, a radiator surface in deep space shielded from the sun by the vehicle 
would effectively have no external heat input whatsoever and would very closely 
approximate a perfect radiator. On the other hand, a radiator surface on a vehicle 
orbiting the earth would be required to account for earth radiation, solar and re¬ 
flected solar radiation, vehicle effects, etc,, all of which would reduce the radi¬ 
ative capability. Furthermore, varying orientations of the radiator would produce 
varying effects. Thus, a very generalized parametric study of the radiator in space 
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OF EQUIPMENT USED FOR ICE SUBLIMATION TESTING 
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Table 11. Test Data for Ice Sublimation System 


Test; Ice Sublimation System 

Date 7-19-60 Performed by; R. G. Roos 

Approved by; S. Halpert 

Laboratory Ck>nditlons - Temp 73°F, Pressure 760. 6mm Hg. 


Data 


Time 

Temperature 

Pressure -Microns 

Heater Power 
Applied-Volts 

Remarks 

Ice 

Sub. Plate 

BeU Jar 

Sub. Chamber 

1000 

BEO 

- 3.S 

Atm. 

Atm. 

0 


OS 

-31 

-29 

230 

400 

0 


10 

-36 

-3S.S 

2S0 

188 

0 


IS 

-38 

-37.S 

118 

181 

0 


2S 

-38. S 

-37 

lOS 

181 

3.75 

Heat On 

30 

-39 

-37 

95 

165 



3S 

-39 

-37 

96 

168 



4S 

-39 

-37 

9o 

165 



1100 

-39 

-37 

98 

188 



IIS 

-39 

-37 

98 

160 



30 

-38 

-36.2 

100 

162 



4S 

-38 

-36 

101 

165 



121S 

-38 

-36 

86 

132 

3.75 




Vacuum Pv 



1330 

-27 

-20 

118 

210 

3.75 



-36. S 

-28 

98 

162 



so 

-38 

-28. S 

93 

152 



1400 

-38 

-28.8 


150 



30 

-38 

-28 

89 

145 



IS 10 

-38 

-26 

90 

150 



1S3S 

-37.8 

-23.8 

120 

162 



1600 

-34.8 

-22 

172 

210 

3.75 



*Note; The ice cidMs apparently separated from the plate as a result of pump shut¬ 
down and imperfect thermal contact resulted when the test was continued, thus the 
greater temperature difference between the ice and plate for the second half of the test. 


110 




















































































































was undertaken, lliree basic radiation configurations were considered. The iirst 
of these was a flat plate radiator having one face adlabatlcally shielded. This con¬ 
figuration is representative of a portion of the surface area of the vehicle itself 
used as a radiator. The second radiator configuration considered was that of a flat 
plate with both surfaces free to accept and reject heat. This arrangement was 
representative of a fin-type radiator, but omitted the effect of the vehicle. The 
third configuration considered was again a fin-type radiator in the presence of a 
simulated vehicle. These configurations are illustrated as Figure 37. In order to 
establish the extremes of possible temperature variation of these radiator con¬ 
figurations, a simplified scheme of positionally fixed earth and sun, and a rotating 
radiator was analysed for steady state conditions. For each of the radiator con¬ 
figurations, various conditions of exposure were studied, such as exposure to earth 
alone, to sun alone, and to various combinations of sun and earth. The most sig¬ 
nificant range of altitudes representative of earth orbits was assumed to be 200 to 
600 miles. Since altitudes above 600 miles would be within the Van Allen radiation 
belt, it is assumed that orbiting manned vehicles would not be desired above this 
altitude. Extreme altitude orbits outside of the Van Allen belt would not be of 
interest since these would not represent as severe a condition as a vehicle in close 
proximity to the earth. That is, the earth's effect on the radiator would be greatly 
diminished. One other variable was applied as part of this study and that is the 
ratio of fin size to simulated vehicle size. These variations are illustrated as 
Figure 38. 

As a result of this study, numerous curves were established describing the 
radiator temperature as a function of position. The temperature which was de¬ 
termined was a steady state value for each positional increment. While this is not 
entirely accurate in that transient and thermal inertia effects would tend to trans¬ 
late the curve with respect to angular position and diminish the extremes indicated. 
These effects are not assumed to be very large since at the lowest altitude con¬ 
sidered (200 miles), orbit time is approximately one and a half hours and also the 
mass of the radiator would not be very great. Later in this section, it will be 
demonstrated that a value of approximately one pound per square foot of surface 
area can be assumed. A representative curve resulting from this study is shown 
as Figure 39. As would be expected, the temperature of the radiator is greatest 
for the particular case when the flat plate radiator surface is perpendicular to the 
sun's rays. As the radiator continues to rotate, the temperature falls off until the 
radiator surface is parallel to the sun's rays. At this point, the temperature would 
remain constant throu^out the next 180 of rotation, since the earth's effect is 
constant. When the radiator again passes the point where it is parallel to the sun's 
rays the temperature would rise until the surface is once again perpendicular to 
the solar flux. Appendix VII contains the details of this study. 

At this point, it becomes necessary to clarify the value of a/ ( which has been 
used for this study. The a/c ratio, or the ratio of absorbtivity of h4di frequency 
solar energy to emisslvity of low frequency earth level radiation, contributes 
greatly to the radiator temperature and^therefore^correspondingly to the refrig- 
erative capability of such a radiator. 

A low a/ C value indicates the ability to radiate much more low level energy 
than is absorbed from a high level energy source such as the sun. This can be 
better understood by examining the relationship for the ability of a perfect radiator 
to discard heat, which has been used previously in this report. 
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q = a€ AT^ 

For a perfect radiator the value of e would be unity. For materials which 
would be available for our use in this kind of application a value for c = 0. 9 could 
be expected. Thus, for a radiator at a particular temperature this relationship 
describes the total heat which could be discarded as a function of the surface area 
available. If, however, external inputs exist such as solar radiation, earth's radia¬ 
tion, or solar radiation reflected from the surface of the earth, these fluxes sub¬ 
tract from the radiator's ability to discard heat. A complete heat balance equa¬ 
tion must be established for this condition. The solar flux input would be the major 
element to be accounted for, and the amount of this flux which would be accepted 
by the radiator is a function of the absorptivity a. Thus, with a as small a number 
as possible and as large a number as possible the net effect of solar flux is dimin¬ 
ished. Values a very low a/ c have been found to exist under laboratory condi¬ 
tions. White paint for example has an a/c of aK>roximately 0. IS, however, the 
question arises as to the repeatability and life expectancy of such a low value. 

That is, can such a low value be consistantly expected, and more important, for 
how long a period of time could such a low value be maintained as a result of ex¬ 
posure to the space environment. It is known that micrometeorite bombardment, 
nuclear radiation, and high temperatures resulting from launch conditions or initial 
passage through the earth's atmosphere, could have deteriorating effects upon a 
low a/ € ratio. It^ttierefore^appeared that the best all around value which could be 
expected to be consistently obtained and readily maintained was a value of 0.4, and 
the effect of a variation of this ratio was included as a part of the study. 

The result of this study was a better understanding of the heat sink available, 
both in the vicinity of earth, and in outer space as well. In addition, any orbital 
situation can be constructed using these curves. Two orbital extremes are illus¬ 
trated by Figure 40, as well as the effect of the earth's rotation about the sun. The 
temperature variation of a fin-type radiator attached to such a vehicle is illustrated 
by Figure 41. It can be seen that a particular polar oibit, shown as the original 
position, will initially provide temperatures significantly below the required heat 
sink for the refrigerator of 430 R. However, after three months time, this par¬ 
ticular orbit will result in a position wherein one radiator surface is held perpen¬ 
dicular to the sun's rays at all times. For the equatorial orbit, the radiator will 
pass throu^ various positions with respect to the sun's rays for each orbital pass. 
This motion will result in relatively high temperatures when the radiator is facing 
the sun, and low temperatures when the radiator and vehicle are shielded from the 
sun by the earth. This type of orbit is relatively unaffected by the earth's rotation 
about the sun. It can be seen by these characteristics that it would be vmdesirable 
to allow the radiator surface to face the sun, that is, the best heat sink character¬ 
istics are available when only the edge of the radiator is presented to the sun. Even 
if a lower value of a/ € were used, such as a value of 0.2, a considerable amount 
of radiative capability would be lost as a result of permitting the radiator to face 
the sun during part of the orbit. A relatively simple solution to the problem would 
be to maintain a constant condition wherein the edge of the radiator faced both sun 
and earth at all times. Similarly it would be undesirable to place the radiator 
parallel to the surface of the earth, since the resulting temperature would be 
excessive. 
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Of course, the need to have the edge of the radiator presented to the earth 
would only be meaningful for an earth orbiting vehicle. Ihe vehicle out in space 
would be concerned with only maintaining an edge facing the sun. Figure 42 illus¬ 
trates the effect of control of either the vehicle or the radiator in relation to the 
orbits previously discussed. 

The question of whether the vehicle or the radiator should be oriented merits 
some discussion at this point. The moving radiator presents several severe diffi¬ 
culties. Maintaining a good thermal path between two parts moving relative to one 
another can be a rather nasty problem. That is, the problem of transferring the 
heat to be rejected out to the radiator becomes complicated by the requirement that 
the radiator be free to rotate. In addition, moving parts tend to fuze at very low 
pressures and difficulties are being encountered by other space programs requiring 
the provision of rotating members. An alternate arrangenoent of several radiators 
distributed around the vehicle could be considered. A heat transport fluid pumped to 
the radiator at the proper temperature would be necessary together with appropriate 
sensing and valving equipment. This concept appears to add unnecessary complica¬ 
tion, and for this system as well as that of the moving radiator, the added weight of 
the auxiliary equlpnaent must be accounted for on a system comparison basis. 

On the other hand, a fixed radiator and an established vehicle orientation is not 
difficult to conceive of. since solar energy is .the primary source of power presently 
being considered. Sun orientation of some element of the vehicle, such as solar 
cells or a solar coUector^wlll have already been established. Even for a nuclear 
power plant, it would be probable that the radiator used to discard the waste heat 
would be sun oriented. As an example of how our radiator could be located aboard 
a sun oriented vehicle, we can examine a simple earth orbiting vehicle which is 
also controlled with respect to the earth. This, is illustrated in Figure 43A. For 
this figuroytwo axis control, the XX and YY axes, is necessary in order to maintain 
a vehicle ^e towards the earth at all times. If this vehicle were to have solar 
paddles attached, as illustrated in Figure 43B, it would be necessary to establish 
control of the third axis, the ZZ axis, in order to Insure that the plane of the solar 
paddles was perpendicular to that of the sun's rays at all times. For this particular 
case it is also necessary to have control of the rotational position of die paddle it¬ 
self since establishment of a fixed position of the XX plane is insufficient to insure 
maximum surface area facing the sun's rays at all times. This additional control, 
however, is not necessary for the radiator as can be seen in the illustration. Merely 
placing the radiator in the Z-Y plane is sufficient to Insure that an edge will be 
facing the sun regardless of the sun's position. Thus, the vehicle can freely rotate 
about the earth with die Z axis maintained as an extension of an earth radii, and 
controlled in order to maintain die Z-Y plane parallel to die sun's rays. For this 
concept, only one radiator is necessary, and no auxiliary control equipment penalty 
can be charged against the refrigeration system. 

• Next the capability of such a radiator to discard heat can be established under 
several different conditions. The first condition to be investigated is the radiative 
capability in the vicinity of die earth. The extreme temperature distribution char¬ 
acteristic of the polar orbit condition of Figure 41 will be used assuming controlled 
orientation. From this figure, the average radiator temperature resulting from 
external thermal inputs only can be determined to be 3 Ss''r. This temperature 
could be raised to a value between doom’ll and 430 *’r, in order to permit dissipation 


118 




X-X AND T-T MMJLD Bl FDCED 


I 

Y 

Two Axis CootroUsd Vshlels 
Iltars43 s 




of an internal thermal load (the refrigeration effect). ^ using the relationships 
developed in Appendix VII for the fin and vehicle arrangement under die conditions 
established, and permitting a radiator temperature of 400°R, it can be determined 
that 17.4 BTU/hr. of internally produced heat can be discarded per square foot of 
radiator surface area. If the thermal interface problems between the radiator and 
refrigerator are found to be not quite as severe, and a radiator temperature closer 
to that of the required refrigeration temperature can be utilized, the radiator capa¬ 
bility would be increased correspondingly. For example, a radiator temperature 
of 43o‘^R would provide the capability of radiating 32.75 BTU/aq. ft. of surface 
area. 

If a different vehicle situation is considered, that of a vehicle distant from the 
effects of the earth, and again either shielded from or parallel to the sun's rays, 
the only factor which would affect the radiative capability would be the vdiicle ef¬ 
fects. Under such a situation, and with a radiator temperature at 400 R, it can be 
found that the radiative capability is 37.3 BTU/hr. per square foot of surface area. 

If the vehicle effect is neglected, a value of 39.5 BTU/hr. per square foot results. 

A final value which can be presented for the sake cf comparison, is the max¬ 
imum radiative capability of a radiator in space at the corresponding temperature 
(a perfect radiator). The value for such a radiator at 400 R is 43.8 BTU/hr. per 
square foot. Figure 44 is a plot of radiative capability as a function of radiator 
temperature for a perfect radiation. A table summarizing the radiator capability 
under the various situations described is presented as Table 12, for radiator temp¬ 
eratures of 400^R and 430 R. Since the radiative capability varies from 17.4 BTU/hr. 
at 400 R in the vicinity of the earth, to a value of higher than 50 BTU/hr. in space 
at a temperature of 430 R, a value on the conservative side of approxinoately 25 
BTU/hr. will be selected for general use as radiative capability. This value is 
representative of the worst situation, that is^earth orbit, at a temperature relatively 
close to that of the refrigerator. It is doubtful that a low radiator temperature of 
400 R would be required. At this point, it can be seen that a universal refrigera¬ 
tion system, or rather a universal radiator design, would be undesirable. If the 
radiator were designed for a lower value such as occurs in a situation of earth 
orbit, diis would be an inefficient arrangement for use in a vehicle primarily in¬ 
tended for interplanetary or distant space use. 

One other situation will be briefly discussed, and that is the radiative capability 
of a vehicle orbiting the moon. The moon's temperature extremes have been est¬ 
imated at 213 F on the hot side and -224 F, on the cold side, resulting in an average 
temperature of -IS F, a value lower than that of the earth. In addition, the albedo 
factor is estimated at 0.125, again a value considerably lower than that of die earth. 
Since the moon is a body smaller than that of the earth, the only condition under 
which the moon's effect would be more severe than diat of the earth's, would be a 
situation where the vehicle were to operate at a low altitude, or were to hover over 
the hot side for a considerable period of time. Even for diese situations, the system 
could be shut down, and the diermal Inertia of the refrigeration system, as described 
in a previous section, would be sufficient to insure that the temperature of the re¬ 
frigerator did not increase severely for reasonable exposure periods. 

So it can be seen, that for a mission such as a circum-lunar mission, various 
conditions will be encountered, i.e., the effect of the earth while in close proximity 
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Table 12. %>ace Radiator, Heat Rejection Capability under Various Conditions 
DIRECT RADIATION HEAT REJECTION CAPABIUTY 


on the basis ai a square foot of radiator surface 

Rad. Temp. 

Rad. Situation 

Max. Rad. 



Earth Orbit 

Space 

in Space 


400‘’r 

17.4 

37.3* 

39.5 

43.8 

430°R 

32.75 

51.0* 

52.8 

58.6 


*lncludeB vehicle effect 
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to tlie earth, space conditions while between the earth and the moon, and conditions 
in the vicinity of the moon during that period of the trip. It has been demonstrated, 
however, that a direct radiation system would be entirely suitable for such a mis¬ 
sion, and the only detailed problems involved would be a closer examination of the 
exact radiative capability to be used for design purposes. 

2. Refrigerator Control 

As a result of previous discussions, it can be seen that varying factors will 
exist for the space radiator. Surface characteristics of the radiator may change. 

The heat input of the refrigerator will probably vary. External effects upon the 
radiator will also vary. It^therefore^does not appear feasible for a strictly passive 
radiation system. Figure 4S, to be utilized by vehicles in the near future, and it is 
similarly apparent that some sort of a control system would be required. The 
simplest form of such a control system is illustrated by Figure 46, and is merely 
a means of providing a thermal link between the refrigerator and the radiator. With 
the pump inactive, the heat transport fluid does not circulate between the refrig¬ 
erator and radiator and only a very small quantity of heat is transferred con¬ 
duction through the heat transport fluid to the radiator. The refrigerator tempera¬ 
ture will increase until a predetermined value is reached and the thermostat will ttien 
actuate the pump and circulate the heat transport fluid. This then actively trans¬ 
ports the heat from the refrigerator to the radiator where it can be rejected to 
space. A heat transport fluid which remains liquid at a rather low temperature is 
desired. Freon 21, which is liquid between the temperatures of 48 F and -197 F 
at atmosi^ric pressure^I^ars best suited. By raising the pressure slightly, an 
increase of boiling temperature can be readily achieved. The presence of the ve¬ 
hicle, as an external effect, and some small heat flow through ttte insulation used 
to separate the radiator from the vehicle will assure that the radiator temperature 
never drops below the freezing point of the heat transport fluid. 

Thus, such a system appears to be hi|^y desirable and can be accomplished 
with very little additional weight penalty to the system. For example, in the case 
of the 16 cubic foot refrigerator previously considered, with a beat load of 250 BTU 
per hour to be removed from the refrigerator, only nine gallons per hour would have 
to be circulated through file heat transport system, if a fluid such as Freon 21 were 
used. This would require only a very small pump and very low power. 

3. Radiator Design and Specific Weight Determination 

In order to formulate a concept for file specific design of the radiator, numerous 
references were consulted. A large body of material exists concerning optimum 
radiator design, and such problems as meteorite bombardment and minimization of 
wel^t are considered. XWo representative designs of fin type construction are 
illustrated as Figures 47a and 47b. In the case of Figure 47a. a sufficiently thick 
skin has been considered in order to Insure adequate protection against meteorite 
penetration. The design concept for Figure 47b, is the utilization of meteoric 
barriers which provide a minimum weight design. The details of the wei|^t est¬ 
imate made for both designs follow: 
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Thick Skin Design (See Fteure 47a) 


As a result of reviewing various p^wrs, it appears that a radiator skin thick¬ 
ness, (considering aluminum), of 0.12S Inch is required to Insure an adequately 
low probability of meteorite penetration for a five sq. ft. radiator surface. This 
is the size which would be required for the three-man, 30-day mission using the 
values previously established of* 


250 BTU/hr 
25 BTU/hr/sq. ft. 


10 sq. ft., or for a fin type radiator, 


the surface area of each side would be five sq. ft. (a thicker wall would be required 
for larger radiators and longer mission durations). 

Using a wall thickness of 0.125 inch as the martmiiTn necessary in the vicinity 
of the tubes, an average wall tidckness of 2/3 x 0.125 - 0.0835‘can be established. 
Using a density for aluminum of 0.1 Ib/cu. in. and accounting for both walls; 

wall weif^t (1 sq. ft. of rad.) - 0.0835 x 2 x 144 x 0.1« 2.40 Ib/sq. ft. The 
weif^t of aluminum tubes is* 

ff X thickness x dia. x length x no. of tubes/in. x 12 x density. Assuming a 
tube diameter of 0.06 inch and a wall thickness of 0.01 inch; 

wt. of tubes > 3.14 X 0.01 X 0.06 X 12 X ^x 12 X 0.1 » 0.14 Ib/sq. ft. The 
\vei(^t of the liquid in the tubes (assuming specific gravity of water), is • 

Cross section area of tube x length x no. of tubes/in. x density. 

Wt. of liquid > 0.003 x 12 x ^x 12 x 0.0361 > 0. 088. Thus the total wei^t 
U2.40 ^ 

0.14 

0.08 

2.62 Ib/sq. ft. for the entire radiator of considering both sides a value of 1.31 
Ib/sq. ft. of radiator surface area can be used. 


Radiation Barrier Design (See Figure 47b) 

For this concept, seven sheets of 0.003 stainless steel would be required, 
thus the volume of these sheets (considering one sq. ft.) would be* 

4 X 0.003 X ’2 X 12 - 1.73 
3 X 0.003 X 24x 12 > 2.59 

4.32 cu. in. 


Using a value of 0.293 Ib/cu. in. for density, dte weight - 4.32 x 0.293 - 1.27 
Ib/sq. ft. If a nominal amount is added for liquid, say 0.25 Ib/sq. ft. die total 
weight is about 1.50 Ib/sq. ft. for the entire radiator or a value of 0.75 Ib/sq. ft. 
of surface area can be used. 






Thus, an intermediate value of one pound per square foot is a representative 
value to use as a specific weight of a radiator surface. This is also a value com¬ 
monly used by numerous authors. In addition, this value appears to be a reasonable 
one to use for a radiator which would consist of the external wall of the vehicle, 
since it will be necessary to add to this wall, tubing to carry the heat transport fluid. 
It might be possible to achieve a radiator weight saving by such an arrangement, 
but obviously twice as much surface area would be required, since only one side 
of this radiator is exposed to space. 

4. Applications 

As a result of the general discussions previously presented, it can be seen that 
a system of direct radiation, modified to the extent that some control is maintained, 
appears suitable and^ fact^desirable for use aboard space vehicles. This system 
appears to be the best all around system available, and would be limited only by 
the maximum size of the radiator which could be utilized. This system would re¬ 
quire a smaller radiator than that of any other system, since all systems with the 
exception of the expendable refrigerant will require a radiator. The radiator limi¬ 
tations imposed upon this system are imposed upon all systems. For futuristic 
applications, several other concepts are available which could be incorporated into 
a direct radiation system. For very long missions such as deep-space probes, it 
is conceivable that it would not be necessary to limit the temperature requirements 
of the food as stringently as those provided. That is to say, it is possible that the 
only requirement which would be imposed, would be that of maintaining a tempera¬ 
ture below 0 F, and the lower temperature limit would not exist. In this case, active 
control is not as critical as previously described, and the food could be placed in 
a container which was oriented perhaps on the shady side of a vehicle and insulated 
from it such that the temperature of the compartment was reduced to perhaps -200°F. 
This compartment would represent a long-term storage compartment, and period¬ 
ically food would be removed from this area and stored in a local galley refrigerator 
at higher temperatures, such as those considered for this report. It would not be 
necessary to add as much heat to food in the vicinity of 0 F as it would to heat food 
stored at the very low temperature. Thus, a three-zoned arrangement (chill, 
freeze, and deep freeze) is envisioned for multi-manned long range missions. An 
alternate concept is that of storing the food in a si^ere which would be trailed be¬ 
hind the space vehicle and exposed to an essentially steady state condition of solar 
flux. Relatively constant surface characteristics of the material of this sphere and 
a constant solar input would assure a relatively constant temperature of the food 
compartment. An artist's representation of this arrangement is illustrated as 
Figure 48. This concept would require transfer to the space vehicle proper on a 
periodic basis. The men's immediate food needs would again be handled by an 
internal refrigerator. 

C. niermoelectric Refrigeration 

A well-known thermoelectric phenomena known as the Seebeck effect has been used 
for a considerable period of time as a mesuts of measuring temperature. This is the 
well-known thermocouple, where a circuit consisting of junctions of two dissimilar metals 
are placed at two different temperature levels causing current to flow in a circuit. The 
reverse of this arrangement is called the Peltier effect. If a voltage is applied to such a 
circuit, and current caused to flow, a temperature differential appears between the two 
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Figure 48 



junctions; thus, a heat pumping effect can be produced. The advent of semi-conductor 
materials provided the opportunity to convert a laboratory curiosity to a practical engi¬ 
neering development. A circuit consisting of a positive semi-conductor element and 
a negative semi-conductor element as illustrated by Figure 49 is responsible for 
the current interest in the thermoelectric i^enomena. These materials have pro¬ 
vided the required combination of physical characteristics to a greater extent than had 
been previously available. Nevertheless, the over-all efficiency of such an arrangement 
is still considerably less than the efficiency available from standard systems such as a 
vapor compression refrigerator. Thermoelectric refrigeration has aroused interest be¬ 
cause of certain advantages not obtainable with other systems, such as the following; no 
moving machinery, no problems from possible contamination by the refrigerant, silent 
operation, a^Mirently good reliability, and a reasonable level of efficiency for small re¬ 
frigeration effect. A great quantity of current literature exists on the theoretical aspects 
of thermoelectric refrigeration, and indeed some commercial applications of this tech¬ 
nique are at present under-way. Thernooelectric materials and complete thermoelectric 
cooling modules are presently available on the commercial market. Since relatively 
high currents and low voltages are required for the operation of the single couple, com¬ 
mon usage requires a number of couples in series as the best design arrangement. This 
concept is illustrated by Figure SO. 

The overall question of the desirability of heat pumping has been discussed in a 
prior section, and the kind of coefficient of performance that would be required in order 
for such a system to be advantageous has been demonstrated. The type of performance 
which could be expected from a thermoelectric heat pump, utilizing present technology, 
can be explained. Figure 51 illustrates the performance for a thermoelectric cooling 
module which is being considered for a submarine refrigeration application. From this 
figure, it can be seen that the maximum coefficient of performance is 0.3 for a corres¬ 
ponding AT of 70 F. The heat pumping capacity of such a module is seen to be approx¬ 
imately 270 BTU per hour. Since the module consists of 432 couples, this means that 
each module is capable of pumping about 0.6 BTU per hour. For our application, it has 
previously been established that a AT of approximately 90 F is required. For this value, 
a COP of 0.1 exists, and a heat pumping capacity of 500 BTU's per hour or sli{^tly 
greater than one BTU per hour for each couple. The best combination of beat pumping 
capacity and coefficient of performance is obtained at a AT of approximately 85 F, and 
even at this value the COP is still quite low as well as the beat pumping capacity. In 
order to establish the kind of maximum coefficient of performance which could be ex¬ 
pected for the exact conditions of operation of oiir space vehicular refrigeration system. 
Figure 52 has been prepared. This figure is characteristic of maximum COP desigpi, 
representing current thermoelectric capability as a function of the hot junction tempera¬ 
ture with cold junction temperature fixed at -10 F. A figure of merit of 2.5 for the ma¬ 
terial was used. Ihis is a value typical of material presently available. The literature 
indicates ttiat future developments should appreciably improve this figure of merit, and 
it Is^therefore^expected that the coefficient of performance illustrated would similarly be 
improved. It can be seen from this figure that a hot junction temperature of 530 R (70 F) 
would result in a maxbmun coefficient of performance of 0.32. Iherefore, a value of 
approximately 1/3 for the expected coefficient of performance for this kind of a tempera¬ 
ture difference has been used for the purposes of system comparison. That is to say that 
for every 100 BTU's of refrigeration effect produced, 300 BTU of power must be furn¬ 
ished, and the corresponding weight penalty for die provision of this power must be 
accounted for. 
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As a further Indication of the "state of the art" of thermoeleotrio materials, Fig¬ 
ures 53 and 54 have been included. These curves describe catalog advertised perform¬ 
ance for thermoeleotrio materials available from a particular manufacturer. The coef¬ 
ficient of performance which can be expected for a corresponding temperature difference 
can be seen, as well as die heat pumping capacity of the couples under varying conditions. 
An individual couple of this type weighs approximately 2 1/2 ounces, and this is the weight 
penalty which has been assigned for the thermoelectric elements in die comparison of 
systems appearing in the next section of this report. 

In summary, a thermoelectric refrigeration system has advantages over many 
other heat pumping systems which have been considered. However, die relatively low 
efficiency of this concept and the acoompaqying power and weltd>t penalty produces serious 
disadvantages. Not only is the power required to operate such a system of concern, but 
also the fact that this power is converted to heat and must be rejected along with refrig¬ 
eration effect appreciably increases the problem of heat removal. Increasingly efficient 
units will tend to counteract this disadvantage and perhaps future thermoelectric systems 
will be available with a less severe power penalty required. As a final possibility, a 
thermoelectric refrigeration system could be considered for use in discarding beat to the 
manned compartment, provided that the heat load from this effect is a relatively small 
portion of the compartment heat load. In this way, any excess capacity available from 
the conditioning system of the manned compartment of the vehicle could be utilized. For 
example, with entire vehicle akin acting as a radiator, it is conceivable that an overall 
heat balance could be achieved resulting in the required internal compartment tempera¬ 
ture. The refrigerator load would then be automatically accounted for and a special re¬ 
frigerator radiator would not be required. It remains, however, for these possibilities 
to be put into actual practice, and manned sjiace vehicles will have to be built and tested 
under operating conditions, before the entire thermal condition of such a vdiicle is estab¬ 
lished. In the interval, it appears reasonable to assume that the overall heat balance of 
a space vehicle will be such that heat will ultimately need to be rejected to space by the 
use of a radiator, other than the skin. Our refrigeration radiator could either be a part 
of this overall radiator or an independent unit. In any case, it seems reasonable to as¬ 
sign a radiator weight penalty to any system which requires the rejection of heat. 
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SECTION V 


COMPARISON OF SYSTEMS 


The three major eyeteme which have been considered have been compared on die 
basis of system weight. This system weight is defined as a value independent of the 
weight of the box Itself since the basic box will essentially be the same for all three 
systems. The system wei^t consists of those auxiliaries and appendages required in 
order to make the Individual systems operate satisfactorily. Hie actual total wei{^t of 
the system will, of course, require the addition of the weii^t of the box. Table 13 is 
illustrative of the values which have been considered in compiling this system tradeoff 
characteristic. These system comparisons have been made for the short mission dura¬ 
tions only because of the rapid divergence of the curves involved and the obvious desir¬ 
ability of using a direct radiation system for long mission durations. 

For the direct radiation system two variations have been evaluated. The first of 
these is a system consisting of one fixed radiator, which is probably the most likely situa¬ 
tion. The elements which have been considered for this system are the weight of the rad¬ 
iator itself, the wei^t penalty of the heat transport pump and associated piping, and also 
the weight penalty for the power to operate the pump. A modification of the direct radia¬ 
tion system providing for more than one radiator or the addition of radiator orienting 
equipment has also been considered. An appropriate weight penalty has been assigned 
to these additional elements. The auxiliary elements of the ice sublimation system are 
the weight of the ice itself and a value added for the sublimation chamber which would not 
be required for the other two systems. In the case of the thermoelectric system, the 
elements which have been considered have been the welfd^t of the couples themselves, the 
weif^t of die radiator area required for the heat to be rejected, the weight penalty for 
the power required to operate such a system, and a small weight penalty to account for 
the necessity of transporting the heat to be rejected to the radiator. 

The resulting characteristics are illustrated by Figure 55. The ice sublimation 
system can be seen to provide the minimum system wei^t for the shortest mission dura¬ 
tion considered. However, this system is doubly time dependent. The refrigeration 
effect (BTU's/hour) increases with an Increase in mission duration because the quantity 
of food to be provided increases, and also the total amount of refrigeration work (total 
BTU's) increases with greater mission durations. As a result, the we4^t of ice required 
increases widi greater mission durations. Thus, the system is no longer competitive 
with direct radiation beyond a mission duration of 20 man-days. Ihe thermoelectric 
system is the least efficient system of all for short mission durations imtil a level of 
approximately 60 man-days duration is reached, at which time the ice sublimation system 
weight exceeds that of the thermoelectric system. Both the direct radiation system and 
the modified direct radiation system indicate the lowest overall system weight for the 
majority of the mission durations. It can be seen that the need for orienting the radiator 
or providing multiple radiators increases the overall system weight of a direct radiation 
system by about a factor of two for the major portion of the range of mission durations 
considered. Even so, the modified direct radiation system far exceeds either the ice 
sublimation of thermoelectric system for mission durations in excess of 30 man-days. 

The suitability of the systems can be generally summarized. The technique of di¬ 
rect radiation, including the modified system, appears best suited for very nearly every 
application, especially the extremely long range missions not represented by the figure. 




Table 13. Weight Factors Conaidered for Comparison of ^sterna. Short Mlssim Durations 


Direct Radiation System 

Mission Duration 
(Man-Days) 

Heat Load 
(BTU/hr) 

Rad. Surface 
Req'd. ft.^ 

Weight (tt>s.) 

Rad. Only 

Heat Trans. 
Sys. 

Total 

7 

30 

1.2 

1.2 

7.0 

8.2 

28 

100 

4.0 

4.0 

8.8 

12.8 

42 

140 

5.6 

5.6 

9.4 

W3EM 

90 

2S0 

10.0 

10.0 

11.0 

ESDI 


Direct Badiation (modified) | 

Mission Duration 
(Man-Days) 

Total Weiidtt 
of Rad. system 
from above (lbs) 

Added Factor 
for Mult. Rad. 
or Orient. Equip, (lbs.) 

Total 

Weight 

(lbs.) 

7 

8.2 

3.8 

12.0 

28 

12.8 

10.2 

23.0 

42 

15.0 

14.0 

29 0 

90 

21.0 

24.0 

45.0 


Ice Sublimation System I 

Mission Duration 

Heat Load 

Weiabt (lbs-) 


KTiai 

hrs. 

BTUAr. 

Total BTU 

Ice only* 

Sob. Ch. 

Total 

7 

7 

168 

30 

5,040 

4.6 

1.0 

5.6 

28 

14 

336 

100 

33,600 

30.5 

3 

33.5 

42 

14 

336 

140 

47,100 

42.8 

4 

46.8 

90 

30 

720 

250 


149 

10 

159 


*Note; Using only 1100 out of 1220 BTU/Ib. available - allows 10% residue 


[ Hienso-Eleotric (COP » 0.3) I 

Mission 

Dur. 

Man-Days 

Heat 

Load 

BTU/hr. 

No. of 
Elements 
Required 

Total 

Heat to be 
Discarded 
BTU/hr 

Power 

Added 

BTU/hr 

Weisht Obs.) 

T.E. 

Elem. 

Rad.* 

Power 

B 

Total 

7 

30 

9 

120 

90 

1.4 

1-5 

8.8 

B!VB 

21.7 

28 

100 

30 

400 

300 

4.7 

msm 

29.3 

10.6 

49.3 

42 

140 

41 

560 

420 

6.4 

6.6 

41.0 

10.8 

66.8 

90 

250 

74 

1000 

750 

11.5 

10.6 

EDEH 

11.5 



*Note: Rad. Wt. esttmated on basis o< 85 BTU/sq. ft. for rad. temp, of 520°R. 
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Even in the oaae of the very ehort misalon duration, while an ice subUmation system ap¬ 
pears to provide the absolute minimum system wel^t, a direct radiation system is some¬ 
what competitive. The loe sublimation system appears suitable for use for very short 
mission durations only, and would appear to be out of consideration beyond a value of 20 
man-days unless a system of ice resupply could be made available. Of course, numerous 
estimates have been made in the preparation of each of these curves such that they should 
properly be represented by bands rather than single lines. Thus, it is improper to estab¬ 
lish an exact cross-over point beyond which one system far exceeds another. Therefore, 
the cross-over point itself has not been used to establish the useful limit of the system, 
but an added margin has been used Instead. If a real need for a 20 man-day mission dura¬ 
tion or less were established, the ice sublimation system should be seriously considered 
since in addition to weight factor, several other advantages exist. The i^stem is ex¬ 
tremely simple and does not requbre a radiator with the corresponding elimination ot con¬ 
cern regarding orientation. A thernooeleotric system has no apparent advantage regard¬ 
ing system weight, as was to be expected from the analysis of tto heat-pumping situation 
made earlier in the report. However, this is a system which is in operation here on 
earOi and has proven capability. It is also simple and quite reliable such that operation 
in space could not be ejqpected to result in a deterioration of performance. The system 
weight, however, diverges so rapidly from that of direct radiation that it does not appear 
feaal)le to consider this system for any mission where minimum weight would be a prime 
requirement. The major element contributing to this large system weight is, of course, 
the power required, again a factor of serious concern for space vehicular application. 

It appears that a considerable Improvement in the efficiency of such a system would have 
to be accomplished before this type of system would be feasible for use for space vehic¬ 
ular use. 




SECTION VI 


DISCUSSIONS OF RESULTS 


In many areas throughout the course of this sfvidy It was necessary 
to examine the borderline of knowledge In order to predict the direction 
in which future development would take place. However, in order to make reasonable 
assumptions and arrive at a comparison of systems, it was necessary to select values 
which represent present "state of the art." Values were selected which appeared realis¬ 
tic and deemed capable of being produced if a model of the particular system under oon- 
sideration were to be built. In a few cases, the "state of the art" has already advanced 
beyond the values selected at that point in the study. However, it has been attempted to 
demonstrate die net effect that such a change would produce. 

Since a system of direct radiation appears to be best suited for practically all mis¬ 
sions which can be conceived of, it is this concept which is primarily recommended for 
future effort. A model oi such a syetem could be readily constructed and tested in order 
to further evaluate system performance. None of the other systems considered appear 
worthy of further consideration, with the possible exception of the ice sublimation system, 
which, however, is severely mission limited. A model of such a system could be built 
and tested if the requirement for a short mission duration is established. 

A further development resulting from this study is die apparent need for complete 
infonnatlon on the a/ c, or absorbtivlty to emissivity ratio of radiator coating materials 
and the capability to sustain this value after exposure in space. It can be seen that if a 
sufficiently low value can be established and maintained, it would no longer be necessary 
to be concerned about orientation with respect to the sun. Ihat is to say, by proper ad¬ 
justment of this ratio, solar energy can effectively be shut out of the radiator and only 
low level radiation in the temperature range of the refrigeration effect could be emltt^ 
by this radiator. Earth orientation, however, would still remain a problem in that it 
would not be desirable to maintain the radiator parallel to the surface of the earth at a 
relatively low altitude. Since die temperature level of the earth's radiation is of the order 
of magnitude of the radiation being emitted from die radiator, the radiator would be free 
to accept this large quantity of earth radiation. Iherefore, for a low altitude earth¬ 
orbiting vehicle, complete control of surface characteristics would not entirely provide 
a fool-proof system without requiring further control of the situation. 

Another situation which should be carefully examined is the complete Integration 
of the containers, die food warming system, and the refrigerator. It is obviously neces¬ 
sary to provide a completely integrated food preservation and servicing system Intended 
for a specific vehicle. When a specific vehicle is to be crasidered, the availability of an 
existing heat sink in the form of an appropriate low temperature medium should also be 
very carefully evaluated. 

The problem of providing food in containers permissive of temperature storage and 
also the addition of heat in order to warm the food prior to consumption is a problem 
closely related to the design of the refrigerator. Thus, the philosoihy of the interval de¬ 
sign of the refrigerator itself must be considered. Here we must examine two conflict¬ 
ing concepts. From the standpoint of the necessity to ultimately heat the food and its 
container, it would appear desirable to refrigerate the food at the highest possible 
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temperature compatible with the ability to prevent deterioration. On the other hand, the 
establishment of ti(^t tolerance limits on the refrigerator increases the difficulty of the 
temperature control problem. That is to say, the refrigeration system control would 
greatly be simplified If a maximum temperature were all that were established. Thus, 

If the food were required to be maintained at a temperature below o”f, and one were not 
concerned with how low the temperature became, control would not be quite as serious. 
There is, of course, the possibility that extemely low temperatures would be harmful to 
the food, or in some way reduce Its acceptability. This should be determined. If It ap¬ 
pears suitable for the food to be stored for long periods of time at extremely low temp¬ 
eratures a three-aoned refrigeration system as bas been mentioned previously appears to 
be appropriate. This would mean that most cf the food would be stored at a relatively 
low temperature with a corresponding relatively wide tolerance range established on this 
particular temperature. Prior to consumption, the food would be placed into a tempera¬ 
time zone approaching the upper limit necessary for preservation. This would then re¬ 
quire the addition of a minimum anoount of heat in order to warm the food prior to con¬ 
sumption. 'lie three-zone provided would be a chill area. A form of this concept appears 
possible for use even in a relatively small refrigerator. It is possible, for example, to 
provide a built-in thermal granlent within the refrigerator, let us say from the back end 
to the front end, where access to die refrigerator is provided. The food would then ad¬ 
vance from a relatively colder portion of the refrigerator to the warmest area immediat¬ 
ely prior to removal for use. 

The question of providing a chill space in the refrigerator also requires some dis¬ 
cussion. A separate control system and separate radiator surface maintained at the spec¬ 
ified chill temperature appears to be an unnecessary additional complication. An adequate 
solution to the problem of providing a chill space appears to be that of proper control of 
the insulation arrangement. That is to say, a buffer zone of the required higher chill 
temperature can be provided between the outside of the refrigerator and the low tempera¬ 
ture freezer compartment. If a thermoelectric or other heat pumping system were used, 
it then might be relatively easy to provide a specially controlled chill compartment. How¬ 
ever, utilizing a direct radiation technique, this arrangement is considered Inadvisable. 

Regarding the capability to store fecal matter in the refrigerator, aside from the 
aesthetic undesirability of so doing, there appears to be no engineering reason why this 
cannot be accomplished. Ihe heat load produced is not signlfioant, and the volume oc¬ 
cupied is relatively small, especially if provisions were made to incorporate the ability 
to store this material into used containers. It would appear that this would be the best 
manner in which to store this material, since the provlsioo cf a separate compartmoit 
would entail reservation of a comparatively large volume. Ihe volume necessary would, 
of course, already be made available within Qie refrigerator proper as food is consumed, 
the interior of the refrigerator could be appropriately arrant such diat the fecal mat¬ 
ter would in effect be separated from the food yet to be consumed. One could summarize 
this situation by saying that if die astronauts don't mind this arrangement, it could cer¬ 
tainly be designed into the system. 

The foregoing has primarily dealt with ttmse applloatlona deemed most likely in the 
immediate future. The concept of multi-man missions for relatively longer periods in 
space requires a somewhat different approach. Food volume and fo^ wei^t can be seen 
to rapidly come to significant numbers. In terms of the concepts proposed, it would be 
obvious that an immediate remedy for this situation would be a reprovlsloning arrange¬ 
ment. Wldi food regularly resupplied, very large quantities would not be required at aqy 
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one time. This would not basically alter the refrigerator concepts which have been de¬ 
veloped, but would instead modify the size of the refrigerator to be'installed on board the 
vehicle. Thus, the multi-man space vehicular refrigerator is still envisioned as a direct 
radiation system utilizing a heat transport fluid. 

Certain concepts, however, at this point become more attractive, such as the de¬ 
sirability of providing a passive system of radiatioi^if possible. The trailing spheres 
concept of maintaining steady state ii^Mits and ou^ts, for example, should be considered. 
Other possible means for varying the absorbtivity to emissivity ratio of surfaces should 
similarly be investigated. Heat pump developments must be carefully watched. The 
problems existing in the use of heat pumps, as stated in this report, will probably be con¬ 
tinually attacked with resulting Improvements. Problems such as liquid vapor separa¬ 
tion mentioned for the vapor compression system will be solved, as this concept is neces¬ 
sary in many systems other than that of refrigeration. Nuclear power plants utilizing 
Rankine Cycles will find it necessary to resolve this problem long before it is solved for 
the space refrigerator. Power requirements will be reduced and wei^t penalties result¬ 
ing from the provision of power will likewise be reduced. It is entirely conceivable that 
futuristic vehicles will have available more energy than possibly could be used, in which 
case heat pumps, particularly simple and reliable ones such as the thermoelectric system 
should be seriously considered to produce the refrigeration effect required. 

Another aspect of the problem must also be considered. H resupply were not pos¬ 
sible such as in the case of a deep-space exploration, another look must be taken at the 
food provided. Since the weight and volume of the kind of foods which have been considered 
would be extremely large if used for deep-space penetrations, it would appear that some 
cutoff point for such foods would exist. There must certainly be a point beyond which we 
would not consider providing this highly accepiable food form Individually packaged. We 
would, instead, in order to accomplish overall mission objectives, accept a denser pack¬ 
aging of foods at a lower wei^t per noan-day stored. This would, of course, mean de¬ 
hydrated food. With dehydrated food and a closed cycle water system, the volume and 
weif^t requirements could be greatly reduced. The food storage system under such an 
arrangement could be conceived of as a series of large hoppers packed with granules of 
concentrated food provided with a means of ejqMlsion. Of course, with such a concept 
it would appear that no refrigeration would be required and these foods could be stored 
at room temperature. 

Even with such a system we would again reach a cutoff point. For a trip to a distant 
planetary system, the times involved might be so great Quit Qie space vehicle would have 
to be essentially one big food container. Thus, we reach a point where an open cycle 
system of providing food is entirely unacceptable and the concept of a closed cycle must 
be applied. That is, food would have to be regenerated from the waste products produced 
by man and his equipment on board the space vehicle. Such a system, of course, would 
be utopian, since the astronauts would then have the capability id sustaining their own 
existence for an unlimited period of time. There are perhaps some oQier regions between 
these which have been discussed, such as a partially closed cycle supplemented by stored 
components which we are unable to regenerate. However, there is no question that if we 
are to explore distant galaxies, we must ultinoately be able to develop a completely closed 
system, ff man is ever to set foot on all of that realm of the universe that he is presently 
aware of, he will have to learn to like algae or some other product resulting from a re¬ 
generative cycle. 
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H W L 

Total Lost Through Walls 21.75" x 11.75" x 12" 

1 . 8 ' 1 * 1 ’ 

Front Side Top 
A •< 2(1.8x 1) 4^2(1.8x 1) 2(1 X 1) 

A - 3.6 + 3.6 + 2-9.2 Ft^ 

Q Total -8.3 BTU/hr. Ft^ x ». 2 Ft^ - 76.4 BTU/hr. 

DOOR OPENING - HEAT LOSS 
Total Internal Volume (not counting food or shelves) 

V - 1.8x1x1-1.8 Ft* 

Say 1 air change for each opening 

Air density @ STP e - 0.075 Ib/ft* Specific heat C - 24 BTU/lb. F° 

P 

dt - 85° 

Wei^t - 0.076 Ib/ft* x 1.8 Ft* - 0.133 lb. 

AH - At - 0.133 lb. x 0.24 BTU/lb. F° x 85 F° - 2.71 BTU/openlng 

Heat Removal due to Moisture Influx 

Air e75°F and 60% RH has 64 gr H O/lb/dry air 

2 

7000 GR - 1 lb. 

X 0.133 lb. dry air - 0.00122 lb. molsture/alr change 
When cooled to 0°F and 100% RH spec, humidity Is <10 gr. molsture/lb. dry air 
64 - 10 - 54 

* ’ 7^0 ^ ** U>. moisture will condense 

Total Heat removed from moisture 

Sensible Heat Latent Heat 

0.00122 lb. X 1 BTU/lb. F° x 86°F + 144 BTU/lb. x 0. 001026 lb. 

0.1036 BTU + 0. 148 BTU - 0.242 BTU beat removed from moisture 
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Asaume 1 opening per hr. 

Air change + ice forming 

2.71 BTU + 0.242 = 2.952 Say 3 BTU/hr. 

DOOR GASKET - HEAT LOSS 


Conduction through breaker strip (one) 


K = 1.0 A - - X 2 (12 - 21.76) 


8.44in __..2 

A = —— - = 0.0686 ft 

144 

Q^KAht 

Q « 1. 0 X 0.0585 X 52 - 3. 04 BTU/hr. 
Ckinduction through air gap and gasket 



KAOt 


At- 62 


Q - 


0.0585 ft 


0.0588 X 62”f 
1 6 
0 .163' * 1.35 


3.04 

0.6 

0.22 


3.04 

2.27 


K gasket - 1.35 
K air - 0.163 

- 1.34 BTU/hr. 


Conduction through aluminum strip 
Let A - 1 ft^ 

Atx A_52 X 1 


„ L ^1 


0.126 _1_ _1_ 

1 1200 1.66 


POLY 


52 


AL OUTSIDE 
62 


0.125 X 0.000834 > 0.606 


0.731834 


71 BTU/hr. per sq. ft. 
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A ■ ^ X 2 (12 - 21.76) —« 0.0686 ft^ 

® 144 in W 

Q » 71 BTU/hr./ft^ x 0.0686ft^ ■ 4.16BTU/hr. 

Total Door Joint Heat Loan > 3.04 1.34 4.16 - 8.64 BTU/hr. 

Total Heat Loss WaUs - 76.4 

Opening >3.0 

Door - 8.64 _ 

87.04 BTU/hr. 

PULL DOWN - HEAT BEMOVAL - CHILL COMPARTMENT 



FREEZER * 180 Bread Items (p 0.1# = 18# 

30 Container Items @ 0.4#= 12# 

30# 

CHILL 16 T«i>e Items @ 0.4# = 6.4# 

6 Container Items @ 0.4# = 2.4# 

10 Bread Items § 0.1# = 1.0# 

9.8# 


*No pull down required. 
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H = 9.8 X 1 X (76-32) 
= BTU 


TOTAL 


422 BTU (must be removed from food) 

43.74 (BTU must be removed from tubes and 
_containers) 

466.74 6TU 


Assume Pull Down over a 12 hr. period 


466.74 BTU 
12 hrs. 


38.8 BTU/hr. for 12 hrs. 


SUMMATION OF HEAT REMOVAI. LOADS 
76.4 BTUAr. "Steady state" wall heat leakage 
3.0 BTU/hr. Door openings (one per hour) 

8.64 BTU/hr. Door Joint Leakage 
38.8 BTU/hr. Pull down (for 12 hours) 


126.76 BTU/hr. Total Load while chill compartment is being pulled down 
Say 130 BTU/hr. for first 12 hours 
Then 90 BTU/hr. for remainder al time. 



APPENDIX 3 


LOW TEMPERATURE RADIATOR DESIGN PROCEDURE 


Stefan Boltzmann Law 


Hie basic equation for radiation from any body is: 
Q = acAT^ 


where Q = heat rejected by radiation, BTU/hr 
c - Stefan Boltzmann constant 
0.1713 X I0~* BTU 

(hr) (ft^ (V) 


c > emissivity of the surface, dimensionless 

2 

A = total radiating area, ft 

4 o 

T > temperature of radiating body, R 


The terms in this equation are discussed separately below. 


(7) 


Emissivity and Absorptivity 

From the above equation it can be seen that the hi^er the emissivity, e, the greater 
the amount of heat that can be rejected from a surface. Furthermore, it should be stated 
here that an efficient space radiator should have a low solar absorptivity, 6, to minimize 
the amount of high temperature solar energy that is absorbed. The significance of the 
ratio of solar absorptivity to emissivity, b/€ , regarding the determination of radiator 
beat rejection capabilities as well as the establishment of effective space heat sink temp¬ 
erature are discussed in detail in Appendix 1 and later in the appendix. 


Temperature of Radiating Body 


For a fin tube construction, there will be a temperature gradient in the fin. Figure 
56 shows several fin profiles. As the fins become thinner the temperature at the tips 
becomes lower for a given heat input. Then the mean temperatures T^,^ , Tjg 2 ’ '^m3’ 
change, and the area required to dissipate a given quantity of heat changes. To eliminate 
one of the variables, all temperatures are compared to the temperature at the root of 
the fin, T^. From Figure 56, the following equation can be derived: 


Ql = Q 2 = Qg = the heat in 




N * *2 ^ni2 “ *3 
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ROOT 

TEMPERATURE Tr 



HEAT ENTERS AT ROOT TEMPERATURE Tr. AND RADIATES FROM BOTH SIDES 
AT MEAN TEMPERATURE Tm.FROM AREA A-2 bL. 


Tnl 


Tr 


0| ■ ®«*l tI, 


Tma 


Tr 




Tr 


TmS 

. 1 




FIGURE 56 

FIN TEMPERATURE AND 
RADIATION 





4 


Letn, 




Hien A, n T ^ - A„ »»„ T ^ - A, T ^ 
iir z^r 33r 




In general 


Q - 0 C A tj T 


( 8 ) 


Then, fin width, (hence,area) thickness, thermal conductivity and root temperature can 
be combined into a radiation modulus and plotted with fin efficiency t) as in Figure 57. 


The radiation modulus is given as: 


Mr 


a€ b 



r 


k fi 


(9) 


where Mr 
b 
k 
6 
Tr 
0, e 


= the radiation modtilus, dimensionless 
= ^ the tube spacing, feet 

^ 2 
= thermal conductivity of the fin material. BTU/(hr) (ft ) 

= the fin thickness, feet (for radiation from 2 sides) 

A 

= temperature of fin at root, R 
defined above 


(°F)/ft 


Effect of Sink Temperature 

Appendix I indicates that a flat plate in orbit with no heat input will experience cyclic 
temperature changes. For a given point in the cycle with a fixed position, orientation, 
solar absorptivity and emissivity, the plate will reach an equilibrium temperature, T . 

At this temperature, die Incident heat (sun, earth and earth albedo) will be radiated to 
space at the rate of 


Q = a< A T (10) 

s 

This temperature will reduce the capabilities of the plate to radiate additional heat. Thus, 
equation 8 should be modified to read; 

Q = oc A(T) T ‘‘-t/) (11) 

r 8 

where the new term T is the effective sink temperature. For COOL, T was estab¬ 
lished as 360°R. (Appendix I) 














The inclusion of Tg in equation 11 reduces the radiative capacity of a fin. Thus, the fin 
thickness given by equation 9 and Figure 57 will be greater than actually required to dis¬ 
sipate the heat of equation 11, resulting in a fin thickness design that is conservative. 

Design Steps 

For the synthesis of the radiator, more equations than 10 and 11 are needed. In 
fact, the number of equations that are available is less than the number of unknowns. 
(More equations introduce more unknowns.) This means that various assumptions were 
made. The equations and assumptions are given in the steps that follow. 

Hadlation Equation 

Q 3 0 { A (T^^ - T^* (11) repeated 

Q > 1000 BTU/hr (from refrigerator load widi safety factor) 

—8 BTU 

a “ 0.1713x10 -7- 2 — (Stefan Boltzmann Constant) 

(hr)(ft ) (®R*) 

t =0.9 (for TiOg paint) 

T^ = 360®B (given) 

Unknowns = A, tj, T 

r 


Mean Fluid Temperature 


Q = Wc At 

pc 

Q = heat to be dissipated, 1000 BTU/hr 

c = specific heat of coolant, 0.780 BTU/lb*^R 
P 


Unknowns W = 

At = 
c 


where 


T 

cm 


T 

cm 


T 


1 


flow rate Ib/hr 

temperature drop in coolant, *’r 



Mean coolant temperature, '^R 
Inlet coolant temperature, °R 


( 12 ) 


(13) 
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Fluid Convection 


The heat tranaferred from the fluid to the tube wall by convection is given by the 
equation: 



q s h SAt 
^ c w 


(14) 

where 

2 

II 

cr 


(15) 

but 

S = irDL 


(16) 

and 

h = 1.86 ^ 


(17) 


thus 


t = 


1.86k L 



k L 
c 



0.14 


(18) 


where the new terms are: 

L = length of tube, feet 

thermal conductivity of fluid 
BTU 

(hr) (ft^) (®F)/ft 

D s inside diameter of tube 
V = fluid velocity, ft/hr 
p - fluid density, Ib/ft^ 

s absolute viscosity of fluid at bulk Temperature lb/(ft) (hr) 

|i > absolute viscosity of fluid at tube and temperature lb/(ft) (hr) 
w 

N > munber ci tabes 

q » heat flow per tube, BTU/hr 

h * convection coetticient, 

® BTU 



2 

S = total inside surface of tube, ft 

= temperature drop from bulk of fluid to tube wall, °R 
The term is known as Reynold's number. 

The velocity and density, however, are functions of the weight flow and tube 
diameter. 



„ 4W 

ffD 



(19) 

then 

DVo 4W 



(20) 

~ tr Dm 



and 

DV£ . . 

D _ 

L “ n 

Wc 

k L 
c 

(21) 


In order for equation (17) to apply, 
4W 


„ < 2100 and > 10 

irDpi k L 

c 


( 22 ) 


The three unknowns are W, D, and L. Considering the refrigerator requirements and 
the inequalities (22), the flow rate W can be estimated. Tben D and L have a limited 
range of values. As they are varied, and the number of tubes are varied, At^ varies. 
Ihe diameter and length also affect pressure loss; hence^before proceeding, the pressure 
should be checked. 


Fin Root Temperature 

For a set of assumptions of N, W, D and L the temperature difference ^t^ can be 
determined. There will be a small temperature drop through the tube w.'ill, but since 
other factors have been conservative, this temperature can be neglected. 


By assiuning W, 0 t can be found from equation (12). The coolant inlet tempera¬ 
ture T is set by refriger^r requirements (at 450 R). Ibus, T can be found and 

T can be found by: 
r ^ 


T = T - At 
r cm w 


(23) 
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With determined from (23) only two unknowns remain in (11). These are fin area 
and fin efficiency. Assuming an efficiency, the total required area can be computed. 

Since L and N have been assumed, the fin width "b" can be found from; 


b - 


A 

4NL 


(24) 


where die factor 4 takes into account two fins per tube, with radiation 
from both sides of the fin. 


At this point there is sufficient data to determine Mr from Figure 21 and fin thickness 6 
from equation 9. 

Tube Wall Thickness 


The thickness of tube wall is a function of meteorite size and probability of puncture 
There are several methods of computing thickness with various results. One equation 
giving somewhat conservative values for tube thickness is: 

[at] 0.3 

d = 0.0436 I I For Aluminum Tubes (25) 


where d 



T 


P 


= tube wall thickness, inches 

2 

s projected area of tid>e, ft 
a time of mission, years 

» probability of return with no penetration of tube wall in time, expressed as 
a decimal. 


Low Temperature Radiator Calculations 

Following are calculations which established the specific radiator size required; 

Given 

Q 


Radiation Equation 


heat rejected by radiator, 1000 BTUAr. 
(with a safety factor) 


Unknowns 

2 

A = radiator area, ft 
T) 3 fin'efflciency 


T > temperature of fin at root, R. 
R 


a Stefan-Boltznuuin Constant . 
0.1713 X 10~® BTU/hr. ft^ ®R 

C = emissivity, 0.9 for T O paint 

X z 


(H) 


effective sink temperature, 360 R 
(for a 200-600 mile earth orbit) 



Mean Fluid Temperature 


Given 


ft) Q > WC At 
P c 

Unknown 

At^ X temperature drop 


Q - heat rejected by radiator, 1000 BTU/hr. 
Cp= specific beat of 0.78 BTU/lb. 

W = flow rate @ 0.28 GPM, 114 #/Hr. 


At 




_S_ 

wc 

p 


1000 BTU/hr. _ 

114 Ib/hr. X 0.78 BTU/lb. ®R 


11.3®R 


At 


Unknown 


Given 


T > mean fluid temperature, ®R 
cm 

T = 460 - - 454.4®R 

cm 2 

Fluid Flow 


(f) R, 


e 

Unknown 


DVe 

u 


R^ = Reynolds nun:d>er 


> Inlet fluid temperature, 460®R 

At = 11.3®R 
c 

Given 

D = inside the tube diameter, 0.0254 feet 
V = fluid velocity § 0.214, 3440 ft/hr. 

_ O 

e = fluid density of glycol @ Of 66#/ft 


R 

e 


0. 0254 ft X 3440 ft/hr x 66 Ib/ft^ 
581b/fthr. 


M absolute viscosity of glycol, 58 Ib/ft hr. 
= 100 laminar 


Laminar flow Is desirable In order to reduce the frictional head loss in the tube and thus 
reduce the pump power required to circulate the transport fluid. Although laminar flow 
also reduces the heat transfer through the fluid film, pump power was used as the criter¬ 
ion for selecting fluid flow. Also the 3/8 inch O. B. tube is used in the above calculation 
because it is easily fabricated into a radiator configuration. 

Therefore two radiator flow paths in parallel with the same tube size as above 
will be used in parallel thus decreasing V from 3440 ft/hr. to 1720 ft/hr. 

DVe 

Now R = * 50 

e M 


Fluid Convection for Laminar Flow 


(S) AV 


1.86irK 

c 
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Given 

q > heat rejected by each side ndlator, SOO BTU/hr. 

L > length of tid>e in each radiator side, 50 feet 

K > thermal conductivity of fluid 0.24 BTU/hr. ft. ‘‘f 
c 

D - Inaide diameter of tdbe, 0.0254 feet 

V > fluid velocity, 1720ft./hr. 

e - fluid denalty 0 66 lb./ft. ^ 

C - 78 
P 

■ 1 for email t 
M c 

w 


M > abaolute vlacoslty of fluid at bulk temperature of O**, 56 lb. /ft. hr. 

Unknown At • temperature drop from bulk of fluid to tube wall.By substituting 

- w 

the above values in eqimtlon (5)^a value of At^ > 4. S^R is obtained 


Given 




cm 


Unknown 


At 


- temperature of fin at root, R. 


T_ - 454.4 - 7.8 - 560 R. 
n 

2 S 
oeb*T * 

(7) MR-- 


mean fluid temperatore 454.4‘^R (See 
Equation *3) 

temperature drop from bulk of fluid to 
tube wall, 4.3*^R (See Equation #5) 


Given 


For nwalmum fin efficiency, let 6 - 0.010 inch, 
- 0.000635 feet, b-1.0 inch-0.0635 feet 
(estimated from preliminary calculations), 
a - 0.1713 X lO"® BTU/hr. ft.2 °R* (See 
Equation #1) 



Unknown 

M„ = Radiator Modulus 
K 


C - 0.9 TiO^ paint 

T_ > 4S0°R (See Equation #5) 

R 

k > thermal conductivity 6061-16 aluminum, 
90 BTU^t/hr. ft^ °B. 

b = 1/2 tube spacing, feet 

ft = 1/2 fin thickness, feet (radiation bob 
sides) 


„ 0.1713 X 10 ^ BTUAr ft^ R* x 0.9 x (0. 0836 ft)^ x (4S0 R)^ 

“n = 2 o 

90 BTU Ft/Hr. Ft R x 0.000835 ft. 


0.0117 


From Figure 5T 

Tj - 0.99 fin efficiency 

Substituting the derived values into Equation #1 

_g__ 500 BTU/hr. _ 

0 < [tj Tjj"* - Tg* ] 0.1713 X lO'® BTU/hr. ft^ “r* x 0.9 ^0. 99 (45o“r) (36o“r)^] 

13.1 ft^ 

X 2 two parallel radiators 

26.2 ft^ Total Radiator Area (or 26 sq. ft.) Required 


A = 


A = 


1j63 



APPENDIX 4 


I 


Am CONDITIONER HEAT EXCHANGER DESIGN 
USING NTU-EFFECTIVENESS METHOD (REF. 2) 
SPINED FIN TUBE CHARACTERISTICS 
Total air side surface/llneal ft. of tube >1.44 ft^/ft 
Total liquid side surface/lineal ft. of tube .t. 11 ft^/ft 


Internal Hydraulic Radius 
AREA 


H 


H 


4r.^ 


4.4 X 10'^x4 


WETTED PERIMETER 
-4, 


0.211 


83.2 X 10 ft. 


TUBE CROSS-SECTION 

II HEAT TRANSFER FLUID CHARACTERISTICS 50% H^O - 50% Ethylene Glycol 


cp 


0.780 


BTU 
lb. "r. 


P 



M > 12.8 


lb. 

ft. hr. 


K 


0.242 


BTU 


hr. F. ft. 


Assume liquid side flow rate >5.5 GPM 


WT. FLOW = 66 x 44.2 - 2»2P r - C -W x cp 

1 U-. c c 


2920 X 0.78 


2280 


BTU 
hr. ®R. 


Cott Side Fluid Temperature Rise 

Q - wcpO T^ 

18650 - 3180 #Ar. x 0.78 OT 

o 

AT - 7.5®F 
c 


16 S 



m AIR FLOW RATE BEQUIREMENT8 

BTU 


Gross sensible heat load > 18650 


hr. 


Design is to be such that coil temj)erature is to be above the dew point ten^rature 
for 75 F and 50% R. H. air mixture (55 F). 'nierefor^assumed that • 59 F (dis¬ 
charge air temperature) 

T , = 75®F and 50% R. H. 
nln 

From Psychrometric Chart 
BTU 

IT 

For 100% sensible load (SHF - 1.0) 

hj^^-24.0 59®Faiid85%R.H. 


W = - 4330 ^ 

req'd 28.3-24 hr. 


CFM@ l.Oatm- 


962 CFM 


CFM @ 0.5 atm = 1924 CFM 


BTU 

C„ = w X cp « 4330 X 0.24 = 1040 
« hr. •’r. 


IV EXCHANGER ARRANGEMENT 


(Liquid side) 12 parallel paths, 4 passes/path 

Total high side area; Total A^^ > 1.44 ft^/ft x 48 lengths x 2.75 ft/length = 190 ft. 
2 \ 

Aj^ = 1.44 ft /ft. /, - 6.83 


A » 0.211 ft^/ft. Total A » 27.8 ft^ 
c c 

Air side free flow area > 1.58 ft^ (Ref. 3 ) 

QflO 

Air side velocity = r-r- * 600 FPM 

l.Oo 


h , side = 29 BTUAr. ®F ft^ 
air 
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Air Side Extended Surface Overall EftectlveneBS 


Assume 90% fin efficiency, fjf 

tj oh = 1 - — (1 - TJf) 

178 

Tjoh- 1 (1-0.90) 

T;oh > 0.906 

V DETERMINE UA REQUIRED CONFIGURATION CHOSEN (NTU-EFFECTIVENES8) 

£ 

£ 

rmp. 

C*K) 





Cmin 1040 _ 

- “ - « 0.456 

Cmax 2280 


Assume cross flow configuration 
From Ref. 2 page H-136. 
Cmin 


Using 


Cmax 


0.466 and 


- 0.823 


1«7 




NTU -3.0 


VI 


UA required - NTU x Cmin 

UA required - 3.0 x 1040 - 3120 BTU/hr. - 

DETERMINATION OF US "AVAILABLE’' FOR CONFIGUBATION AND SIZE 
ESTABLISHED 


Liquid side Reynolds No. 


°hV 


44.2 ft Ar. 

- 4 - 2 

12x4.4x10 ft 


83S0 ftAr. 


M - 12.8 Lb./ft. hr. 

0.832 x 10~^ X 8350 x 66 
^ * 12.80 


R^ - 3S8 (Laminar) 


h Dl . vl/3 

”^K—" 2.02 (Faires Form. 101, Ref. I) 


h . 2.02 

c (0.243 x 11) 


0.242 


0.832 4 10 


-2 


2. 02 (71. X 0.291 x 10^ 


2. 02 X 4.15 X 29.1 - 245 BTUAr ®F ft^ 


1 1 

- +- 


“* Mob's, M 


108 


1 _ 1 _ 1 

UA ” 190 X 0.906 X 29 ^ 27. 8 x 245 

Jl _ 1_ 1 

UA “ 5000 * 6820 

» 0. 0002 + 0.00046 = 0. 000346 
UA = 2900 Available as opposed to 3120 BTU/hr °R required 

CONCLUSION 


Tb/S configuration will be adequate,since air flow path approaches counter-flow 
configuration rather than cross flow as assumed, a conservative assumption, sincej 


NTU for counter-flow = 2.4 (page H-135, Ref. II) 
max ' 


AU ,. = NTU X Cmin 
req'd max 


AU ,. = 2.4x1040 
req'd 


2500 BTU/hr. R 
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APPENDIX 5 


mOH TEMPERATURE RADIATOR SYSTEM 


Radiation Eaumtlon 
Q = a e A 



Moan FIu<H Temnwrafaira 


Given 

Q = heat rejected by radiator, 186S0 BTU/br. 

a = Stefan-Boltzman Constant 
0.1713 X 10-8 BTU/hr, ft? °R 

e = emlB8lvity,0.9 for Tl O point 

A 

T- - effective sink temperature 360°R) 

(for a 200-600 mile earth orbit) 

Tj = fin efficiency same as low temperature 
qrstem,0.98 

Given 


Q = WC Ate 
P 

A tc = temperature dit^ 


. JL. 18650 BTU/hr. 

* WC ' 92101b/hr. x 263 Brijlb''R 


T 


cm 


A tc 
2 


Unknown 


T = mean fluid ten^Mrature, R 
cm 

T = 523.2 °R 
cm 2 


T „ = 519.3 R 
cm 


Fluid Flow 


R 

e —— 


Unknown 


R^ = Reynold's Number 


Q = heat rejected by radiator, 18650 BTU/hr. 

C = specific heat of FC-75 § 55°F4 263 BTU/lb°R 
P 

W = flow rate @ 103 GPM, 9210 Ib/hr. 


Given 

Tj = Inlet fluid temperature 523. 2°R 
Ate = 7.7®R 


Given 

D = Inside tube dlameterQ. 0254 feet 

V = fluid velocity @ 10,3 gpm, 1.64 x 10^ ft/hr. 

e = fluid density of FC-76 @ 55°F, 111 Ib/ft? 

H = absolute viscosity of FC-7S @ 55®F, 
4.21b/ft. hr. 


171 



^tw » 


SiOBTUAr. 


1.86 X 3.14 ». 083 BTU ft/br. ft^ x 35 


2000 X r. 268 BTU/lb. ”r x 4. 2 Ib/ft. hr 0.0284 ft . 1 
1 L P .083 BTU ft/hr. ft^ <>R 36 ft. J 

.3 


1/3 


O.0254ft. x 1.64x10 ft/hr. x 111 Ib/ft .. . . . 

Re = -'-'- = 110500 >2100 Turbulent 

4.2 Ib/ft. hr. 


Make a minimum of SS parallel paaaes 

Re = 2000 < 2100 Laminar flow to reduce pump power 

Fluid Convection for laminar flow 



Given 

q ° heat rejected by each radiation (55). 340 BTU/hr. 

L = length of tube in each radiator, 35 feet (estimated from preliminary calculations) 
= thermal conductlvliy of fluid FC-75 @ 55°F,0. 083 BTUft/hr. ft^ ®R 

-fi — = 2000 

Cp = apeolflc heat of FC-75 @ 55®F,0.265 BTU/lb. °R 
M = absolute viscosity of FC-75 @ 55®F, 4.2 Ib/ft. hr. 

D ° inside tube diameter, . 0254 feet 
14 

= 1 for small ^ tc 

Unknown 

A tc > temperature drop from bulk of fluid to tube wall, °R 



>tf» 



Given 


T = mean fluid temperature, 519, SS^’r (Eq. #3) 
czn 

A tw = temperature drop from bulk of fluid to tube 
wall, 7.42®R (Eq. #5) 

Unknown 

T = temperature of fin at root, °R 

XV 

T„ = 5.19.35°R - 7.42°R = 511.93°R 
R 

Substituting die driven values Into Equation #1 


A t = 7.42 R 


T_ = T “Atw 
R cm 


A 



340 BTU/hr. 


0.1713 X lO"® BTU/hr. ft® ®R^xa.9 


a 


98(511. 93°R)^ -(360°R) 


4‘ 


A = 4, 83 ft® 

X 55 parallel radiators 
265 ft^ total radiator area 
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APPENDIX 6 


EVAPORATOR 


EVAPORATOR EQUATION 
Q = wCp A t 
UNKNOWN 

A t = change In fluid 
temperature^*^R 


KNOWN 

BTU 

Q = heat transfer, 18650 “t— 

nr. 

IK 

W = flxw weight, 9210 ‘ 


Cp = specific heat @ 55°F:.263 


BTU 
lb. OR 


A t = -2- = 18650 BTU/hr. ^ ^ 

wCp 9210 1b./hr. 0.263 BTU/lb^R 


Fluid (FC-75) Flow Inside Shell 

2 

Section Area Shell = 28. 2 in 

Area Tubes 4. 0 In^ 

24. 2 in2 

144 in2/ft2 =©. 168 ft^ 


Flow Rate 


9210 Ib/hr. 
111.3 Ib/ft^ 


82.8 ft^ 


/hr. 


Velocity 


Rate 

Area 


82.8 ft /hr . 
0.168 ft2 


493 ft/hr. 
3600 sec/hr.. 


=0.137 ft. /sec. 


Circumference shell = 1.570 ft. 

3 53 ft 

Circumference tubes = = wetted perimeter 


Hydraulic Radius = 


Area _ 

Wetted perimeter 


0 . 168 ft? 
5.1 ft 


=0.033 ft. 


FLUID FLOW 


Re = 




1V5 



Unknown 


Known 


Re = Resmold's Number = hydraulic radius,O>033 ft. 

V = fluid velocity,& 493 ft/hr. 
e = fluid density @ 55**F, 111. 3 Ib/ft^ 
H absolute viscosity, 4.2 Ib/ft hr. 


Re 


4 xg 033 ft. X 493 ft/hr. x 111 3 Ib/ft^ 
4.2 1b/ft. hr. 


= 1815 


Re = 1815 < 2100 Laminar Flow 


FLUID CONVECTION for Laminar Row 


h 4R. 
m n 



1.86 Re 


(CPM) 

( k) 


( L ) 


1/3 


Unknown 

h = film coefficient for FC-75 
m 


Known 


R « hydraulic radius = 0.033 ft. 
n 

. 0.083 BTU ft. 

k = thermal conductivity = — 


(M) 


14 


1 for small Ot 


Re ° Reynold's Number 1815 


. 0.263 BTU 

Cp = specific beat, - 


w = absolute viscosity; 


4.2 lb . 
ft. hr. 


L = length of tube, 6 ft (estimated from 
preliminary calculations) 
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hm X 4 xfl.033 ft 
0 .083 BTU ftAr ftS ^ * 


1.86 



(D.263 BTU/Ib°R x 4. 2 Ib/ft. hr.) 
( 0.083 BTU ft/hr. ft2 OR) 


( 4 xP. 033 ft) 

(6 ft. ) J 

_ 2 0 

h =27 BTU/hr. ft R 


_1_1_ ^ 1 ^ ^ R ^ R 

XT ~ f ® It 


Known 

hf = film coefficient for refrigerant FREON 12, 770 BTU/ft^ hr **R 

2 o 

hfa = scale coefficient for refrigerant, 2000 BTU/ft hr. R 

A ^ 

hm = film coefficient for FC-75, 27 BTU/ft hr R 
hmi = scale coefficient for FC-75, 2000 BTU/ft^ hr. '“r 
X = wall tfaidcness ,0.003 feet 

k = thermal conductivity of wall, 220 BTU/ft^ hr, **R (copper) 

D Q 

R = Ratio of Inside to outside surface area of tubes = ~ Q ' 305 ~ 

Unknown 
2 o 

U = overall heat transfer factor BTU/ft, hr. R 

_1_ _ 1 _ r 1 1 O.003 ^ 1.23 1.23 "I 

U “ BTU/ft? hr. OR [ '^‘^0 2000 220 2000 27 J 


U = 21.3 BTU/ft? hr. °R 


Eff.= y' 

ml ■ T1 


1T7 



Unknown 


Known 


£/VP= effectiveneBB of heat exchanger 


Eff- 


63,2 - 55. 5 
63.2-40 


7.7 

23.2 


=0.332 


t = temperature FC-75 in,63.2*r 
ml 1 

t = temperature FC-75 out.63. 2 - 7. 7 
mo o > 

55. 5°F 

tjj = temperature refrigerant In, 40° F 


=0*332 . . NTU =0.4 for a cross-flow exchanger where = Q 

max. ^ Cmax. 


NTU = AU/C 
max. min. 


Unknown 

2 

A = heat transfer area ft 


Known 

NTU = 0. 4 
max 

U = 21.3 BTU/ft^ hr. ®R 

C - = wCp = 2420 BTU/hr. °R 

min 

where w = flow weight, 
9210 Ib/hr. 


NTU C , 
max min 


U 

A = 45.5ft^ 


Cp = Specific heat,0. 263 BTU/Ib. °R 

0,4 X 2420 BTU/hr. °R 
21.3 BTU/ft2 hr. ©R 
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APPENDIX 7 


PARAMETRIC STUDY OF RADIATOR THERMAL ENVIRONMENT 


Purpose 

To determine the extreme surface temperatures for the various locations and orientations 
which a radiative surface or fin would encounter on a satellite orbiting the earth at a 200 -600 
mile altitude. A fhmed radiator in space in the vicinity of the earth's thermal effects is 
also explained. 

Problem Approach 

An analysis of five basic plate configurations (Figure 58) was conducted to determine stabilized 
plate temperatures for the various 200 and 600 mile radius orbit positions from the earth sur¬ 
face, and one position considering solar thermal effects only. This analysis related stabilized 
plate temperatures, surface absorptivity and emlssivlty, plate orientation, plate configuration, 
and the effects of distributed energy input (refrigerator load-in addition to earth and solar 
radiant effects). The resulting derived relations were evaluated for two extreme plate 
environmental conditions. These conditions consisted of: 


Minimum Thermal Environment 

Solar Flux (S ) = 417 BTU/ft^-hr 
Earth Flux (8e) = 60.6 BTU/ft^-hr 
Earth Albedo Factor =0.20 


Maximum Thermal Environment 

Solar Flux (S ) = 474 BTU/ft^-hr 
Earth Flux (4:) = 81.1 BTU/ft2-hr 
Earth Albedo Factor = Oi 52 


The anafysls was baaed on the following assumptions; 

Ihe earth was considered as a perfect sphere. 

Plate edge thermal effects were neglected. 

Emlssivlty of Earth = 1.0. 

Space Radiation Temperature = OR. 

Solar radiant flux considered to be parallel rays. 

Plate thermal capacity neglected, (steady state) 

Ihermal gradients throuj^ plate were neglected. 

Insulation assumed perfect (where Insulation is indicated). 

Surface "A" oonductlvely insulated from surface "K" for the perpendicular plate 
configurations. 

Anahrsls and Results 

I. The equilibrium temperature of a plate having one side perfectly insulated (Figure 58 Conf. 
2) and sybjected to earth radiant flux is given by; 
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where: « equilibrium temperature of plate 

Sj; i: earth radiant flux 
a = Stefan-Boltzmana Constant 

^ configuration factor between plate and earth (function of 
altitude and plate orientation). 

This relation Is shown In Figure 59 for the two plate environmental conditions defined earlier. 

n. The equilibrium temperature of a plate having one side Insulated (Figure 58 Conf. 2) and 
longibidlnal axis Is perpendicular to Ihe sun's radiant flux Is given by: 



where: a . - solar absorptivity of plate surface 
A 

e ^ = emlsslvlty of plate surface 

S = solar radiant flux 
s 

F^ g = configuration factor betw(>en plate and the sun 

This relation Is shown as Figure 59 for three values of a^/ e ^ and for the two plate 
environmental conditions de^ed earlier. 

m. The equilibrium temperature of a plate having one side Insulated (Figure 58 Conf. 2 
with Its longitudinal axis perpendicular to sun flux) and which Is located between, and in 
line with, the centers of the earth and sun Is given by: 



where: a - earth albedo factor 


This relation ie shown in Figure 60 for the two plate environmental conditions defined 
earlier. 

IV. The equilibrium tenqmrature of an uninsulated plate (Figure 58 Conf. 1 - longi¬ 
tudinal axis perpendicular to sun flux) which Is located between, and In line wlfli, foe 
centers of foe earth and sun is given by: 




) s. 


(F -faF l-fF S 
^ A-8 A-e' A-E E 


2 c 


1/4 


( 4 ) 


This relation Is shown as Figure 61 for foe two plate environmental conditions defined 
earlle^r. 



V. The equilibrium temperature of a plate having one aide insulated (Figure 58 Conf. 2 
with Its longitudinal axis perpendicular to sun flux), and which Is located at the perpendicular 
intersection of a normal from the earth surface wifli the sun's radiant flux Is given by: 


T 


A 



S F S 
a A-8 E 



1/4 


( 6 ) 


This relatioa is shown as Figure 62 for the two plate environmental conditions defined 
earlier. 


VI. The equilibrium temperature of an uninsulated plate (Figure 58 Conf. 1-longitudinal 
axis perpendicular to sun flux), and which is located at the perpendicular intersection of a 
normal from the the earth's sur&ce with the sun's radiant flux. Is given by: 




0 . A .) 8 F. „ + S„ F, „ 
A/ A s A-8 E A-E 


2 o 




1/4 




Notes: This neglects the slight albedo effect at fids location. Estimated error of < 3% 
for orbit radios ^ 600 mi. 


The above relation is shown as Figure 63 for the two plate environmental conditions 
defined earlier. 


Vn. The eqidllbrium temperature of a plate having one side Insulated (Figure 58- Conf. 
2-laogltudlnnl axis perpendicular to sun flux and coincidental with an extension of the 
earth's radi'Ml . and whldi is located at fiie intersection of a normal to the earth's surface 
with the sun's radiant flux is given by fi>c general expression (5). 

Ihis relation is shown as Figure 64 for the two plate environmental conditions defined 
earlier. 

vm. For file same plate orientation and location described in vn, except plate is not 
Insulated (Figure 58 Conf. 1), file plate equilibrium temperature is given by the general 
expression (6). 

This relation is shown as Figure 65 for the two plate environmental conditions 
defined earlier. 


DC. For file same plate configuration and location described in vn, except that the plate 
receives an additional dlsti'ibuted energy input of 15 BTD/ft^-hr, file plate equilibrium 
temperature la given by: 


' <°A^V^A-8 " 

o 


1/4 


where: Q ■= 15 BTU/ft^-hr 


CO 


This relation is shown as Figure 66 for file two plate environmental conditions defined 
earlier. 

Ifil 




X Hie equilibrium temperature at a plate havliiK one aide loaulated (Figure 58 - Coat. 
2-loBgltuidliuLl axle perpndlenlar to aun flux) whldi la located on tee taugemqr of tee 
aun flux to tee eaxHi aurfaoe (on the "dark aW of earte) la given by tea general expreaekm 
( 6 ). 

Thle relation la ahown as Figure 87 tor tee two i^te environmental oondltlana defined 
earlier. 

XL For tee same plate oonfiguratioa and looatlon deacrlbed In X, except teat tee plate 
reoelvea an additional dlstrlbated energy liqNit of 15 BTU/ft^ -hr, tee plate equlltertaim 
temperature Is given by expression (7). This relation Is ehown as Figure 68 for tee two 
environmental oonditlona defined earlier. 

xn. The eqnllihrlnm temper a tnre of a plate fixed perpendicular to another plate (conduottvely 
Insulated from ea<te other) is dependent upon the relative dlmenslona of tee plates, upon the 
distance between teem and upon teelr teermal environment. The temperature relation for 
such a oonfignratlon (Figure 58 ConL 3, 4, and 5) located In line with, and between, the 
centers of tee earte md sun la shown as Figure 68. The teermal radiative effect of "A" 
iqxm "K" was considered negligible, but tee effect of "K" on "A" was considered. The 
resulting expreasicn being: 


“"a' 


"s 

a 




^-K> 


+ € P T 
K A-E 


. 4 
K 


1/4 


( 8 ) 


where: “ configoratiott factor between "A" mid "K" 

c = coefficient of emiselvlty of plate ”K" surface 

Iv 

Tj^ = Temperature of plate ’’K" 

This relation is shewn as Figure 68 for three different plate "K" & "A" configurations with 
tee two plate environmental conditions defined earlier. 

xm. This same general relation (8) Is shown as Figure 70 for the two plate configurations 
(Figure 58 conf. 3) located at tec perpendicular Intersection of the sun flux and a normal to 
tee earte's surface. The figure shows the effects of two orientations of the plate configuration 
with tee respect to tee sun as well as tee effects of the two earlier defined extremes of 
thermal environment. 

XIV. The equilibrium temperature for tels same plate configuration (described in xm) and 
located at tee perpendicular tntereection of tee sun flux with a normal to the earte's surface, 
but with rotation about the projected mtersectlon of tee two plates as shown on Figure 71. The 
axis of rotation for this case is perpendicular to a normal from the earth's surface. 

XV. The equilibrium temperature for tee configuration and location described in XIV, except 
with the axis of rotation being in line wite a normal to the earth's surface, is shown on 
Figure 72. 
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Figure 59. Thin Plate EqulUbrium Temperature as a Function of Angular 
Position Relative to Earth Radiation Effects 
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Figure 60. Iliin Plate EquUlbrlum Temperature as a Function of Angular 
Position Relative to Sun Radiation Effects 












(M.)aMniVN3rfll31 aiVld-Vl 


186 


Figure 61. Thin Plate Equilibrium Temperature as a Function of Angular 
Position Relative to Earth and Sun Radiation Effects 
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(U.) 3dniVtl3dM31 SlVId-^i 
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Figure 63. Thin Plate Equilibrium Temperature as a Function of Angular 
Position Relative to Earth and Sun Radiation Effects 
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(d.)3dniVU3dW31 3iV~U - *1 
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Figure 67. Thin Plate Equllibriuin Temperature as a Function of 
Position Relative to Eartii and Sun Radiation Effects 
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Figure 68. Thin Plate Equilibrium Temperature as a Function of Angular 
Position Relative to Earth and Sun Radiation Effects 
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Figure 73. Equilibrium Temperatures of Two Thin Perpendicular Plates as a 
Function of Position Relative to Earth and Sun Radiation Effects 








